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absorbance at 254 nm 
hemoglobin tetramer 
α chain in which the -SH group of Cys 104a 
has been blocked with p-mercuribenzoate 
α chain in which the -SH group is unblocked 
β chain in which the -SH groups of Cys 930 
and Cys 1126 have been blocked with 
p-mercuribenzoate 
β chain in which the -SH groups are un­
blocked 
I î t 
2,2-bis(hydroxymethyl)-2>2 ,2 - n i t r i l o -
triethanol 
a chain in which the α-araino group of Val 
Ια has been carbamylated with KCNO 
β chain in which the α-amino group of Val 
Iß has been carbamylated with KCNO 
prefix indicating that in the α chain the 
residue Arg 141α has been removed 
prefix indicating that in the α chain the 
residues Arg 141α and Туг 140α have been 
removed 
prefix indicating that in the α chain the 
residues Arg 141α, Туг 140α and Lys 139α 




hemoglobin of which the -SH groups of Cys 
93β has been bloched with iodacetamide 




second order rate constant for the reaction of a-araino 
groups with N ph-F 
pH independent second order rate constant for the reaction 
of α-amino groups with N ph-F 
1-fluoro-2,4-dinitrobenzene 




difference between the Bohr effect measured in the presence 
and absence of organic phosphate 
difference between the number of protons bound to deoxy-
and oxyhemoglobin (called the Bohr effect) 
ENZYMES 
Carboxypeptidase A (EC 3.4.12.2.) 
Carboxypeptidase В (EC 3.4.12.3.) 
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Seventy-five years after Bohr et al. (1) described the pH-dependence of 
the oxygen affinity of human hemoglobin, the molecular basis of this 
" Bohr effect" is still a matter of extensive studies. Especially in 
the last twenty years many papers have been published dealing with this 
subject. 
In this thesis the Bohr effect is also the main object of interest. 
Among other things a study on the contribution to this effect arising 
from the difference in interaction of chloride ions with human deoxy-
and oxyhemoglobin is presented. The study has resulted in a rather 
complete picture of the molecular basis of the Bohr effect. 
In this introductory chapter the structure and function of human hemo-
globin will be briefly reviewed. For more detailed information the 
reader is referred to the review articles (2-7). 
Function of hemoglobin 
Hemoglobin is a protein which occurs in the red blood cells of verte-
brates. It accounts for more than 90 % of the protein content of these 
cells. Its main physiological function is to transport oxygen from the 
lungs to the tissues. At high oxygen pressure hemoglobin becomes 
saturated with oxygen. In the tissues where the oxygen pressure is low, 
oxygen molecules are released. The oxygen-equilibrium curve of hemo-
globin has a sigmoid shape. An example of such a curve is given in 
Fig. 1,showing the fractional saturation with oxygen as function of 
the oxygen pressure. Each hemoglobin molecule can bind four oxygen 
molecules. Myoglobin molecules,that occur in muscle tissue, bind each 
only one oxygen molecule. The oxygen-equilibrium curve of this heme-
protein is hyperbolic ( Fig.l). A comparison of the two curves demon-
stfates the physiological advantage of a sigmoid over a hyperbolic 
binding curve. As the partial pressure of oxygen is reduced from the 
arterial value to the value it has in the veins (see arrows of Fig.l), 
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Fig. 1. Oxygen-equilibrium curves of hemoglobin (Hb) and myoglobin 
(Mb), y is the fractional saturation with oxygen, ρ is the 
2 
oxygen pressure. 
the fractional saturation with oxygen (y) drops from 0.95 to about 
0.73, while for myoglobin it drops only to about 0.90.Hence it appears 
that the release of oxygen by hemoglobin is much more effective than 
by myoglobin. 
The sigmoid oxygenation curve observed for hemoglobin implies that as 
oxygenation proceeds, binding of the next oxygen molecule is made 
easier. This phenomenon of cooperative interaction in oxygen binding is 
known as heme-heme interaction. This kind of interaction between 
binding sites for the same ligand is called a homotropic interaction. 
Since the heme groups are far apart in the hemoglobin structure, the 
heme-heme interactions must arise from conformational changes in the 
protein induced upon binding of oxygen. 
The oxygen affinity is usually characterized by the quantity log ρ , 
in which p 5 0 is the oxygen pressure at which hemoglobin is half 
saturated with oxygen. A useful measure for the extent of interaction 
between binding sites is the Hill parameter n. It is defined as the 
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slope at y = 0.5 in a plot of log (y/l-y) versus log ρ , in which ρ 
2 2 
is the partial oxygen pressure (8). For human hemoglobin under normal 
conditions the value of η varies from 2.8 to 3.0 (9,10). If η = 1.0 
cooperativity in the oxygen binding is absent. For myglobin carrying 
only one heme group the Hill parameter has the value of unity. 
Structure of hemoglobin 
From the crystallographic studies of Perutz and colleagues (11-16) the 
three dimensional structure of hemoglobin has become known in great 
detail. These investigators observed that hemoglobin occurs in two 
different quaternary conformations, which were called the R (relaxed) 
structure for ligated hemoglobin and the Τ (tensed) structure for 
deoxyhemoglobin. 
Before describing the details of the difference between the two struc­
tures, first some general information about the overall structure of 
hemoglobin will be given. The molecular weight of human hemoglobin is 
about 64,500. The protein consists of two pairs of identical chains 
called the α and β chains; each chain carries one prosthetic group, the 
heme group. The heme group consists of a protoporphyrin IX ring with 
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13 
is in the ferrous state. The ferrous heme can bind oxygen or carbon-
monoxide. The iron atom in hemoglobin can be reversibly oxidized to 
the ferric state. Hemoglobin is then called methemoglobin. The ferric 
heme can bind water and different anions e.g. OH , CN . In ligated 
hemoglobin the iron atom is octahedrally coordinated, being bounded to 
the four pyrrole nitrogens of the porphyrin ring, to the nitrogen of 
the imidazole group of the so-called proximal histidine of the poly­
peptide chain and to the ligand (see Fig.2). Most of the amino acids 
in the polypeptide chains are part of an α-helix. In each chain there 
are eight helical parts (denoted A to H),separated by short non-helical 
parts (denoted AB, CD, EF, FG and GH) and two non-helical parts at both 
ends of the polypeptide chains (denoted HC and NA) (see Fig.3). The 
heme group is located between the E and F helix and the FG and CD non-
helical parts, in the so-called heme-pocket. The heme group is tightly 
bound by a number of interactions with the polypeptide chains, 
3. Schematic drawing of the deoxyhemoglobin tetramer. The course 
of the α chains is shown in solid outline, that of the β chains 
in broken outline; the αχ and 62 chains are more heavely out­
lined than are the 012 and ßj chains. The haems are shown 
edge-on. Capital letters identify helices, (reproduced with 
permission from Fermi,G. (1975) J. Mol. Biol. 97, 237-256. Copy-
right 1975, by Academic Press Inc. (London) Ltd.). 
Fig. 
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i.e. the covalent bond between the heme-iron and His F8 (eight residue 
in the F helix) and a large number of Van der Waals interactions 
between the heme group and the protein; also some polar interactions 
are involved. 
The four subunits of hemoglobin are arranged in a tetrahedron. 
The ajSj and the агЗг Pa:i-rs a r e identical. Through the tetrameric 
molecule and along its dyad axis a cavity is found, which enlarges 
between the $ chains (17). It is called the central cavity. The reader 
can get a good impression of the situation if one imagines that the 
hemoglobin molecule is like an apple with a hole through it, made by an 
apple-corer. The hole in the apple running from the stalk through the 
clock-house,represents the central cavity. The central cavity of hemo­
globin is of great functional importance as at one end between the 8 
chains the effector of the oxygen affinity in vivo is bound. 
We will now return to the differences between the structures of deoxy-
and oxyhemoglobin. Upon ligation the tertiary and quaternary struc­
tures change. One of the striking differences is the change in the 
distances between the iron atoms (18). The difference in tertiary 
structure of the subunits between the ligated hemoglobin and deoxy-
hemoglobin are small but significant in the region of the heme group 
and the intersubunits contacts. In deoxyhemoglobin the iron atom, which 
is in the high spin state, is about 0.6 A out of the plane of the 
porphyrin ring, while in ligated hemoglobin the iron atom is in the low 
spin state and 0.1-0.2 A out of piare. It has been suggested that the 
high spin-low spin transition triggers the change from the Τ to the R 
structure (19). 
In the hemoglobin tetramer the αχ Si contact is the most extensive 
intersubunit contact. There are some slight changes in these contacts 
upon ligation of deoxyhemoglobin. 
However the οΐ}β2 contact undergoes drastic changes upon ligation of 
deoxyhemoglobin, because the subunits turn with respect to each other. 
In deoxy- and oxyhemoglobin the C-terminal residues and the penultimate 
tyrosines behave quite differently. In the ligated structure Arg 141α 
(HC3), His 146ß (НСЗ), Туг 140α (НС2) and Туг 145В (НС2) are barely 
visible in the electron density maps. On the other hand in the maps of 
deoxyhemoglobin the tyrosin residues are observed between the F and H 
15 
log ρ 
Fig. 4. The pH dependence of the oxygen affinity of hemoglobin, expres­
sed in log ρ values. 
Fig. 5. Number of protons released upon oxygenation of deoxyhemoglobin 
(ΛΖ ) as function of pH. 
b 
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helix in well defined positions. In deoxyhemoglobin all four C-terminal 
residues and the two Val Ια (NA2) residues form salt bridges which break 
upon oxygenation. The imidazole group of His 1466 (HC3) forms an intra-
chain salt bridge with the carboxyl group of Asp 94β (FG1). According to 
earlier X-ray studies carried out at low resolution the α-amino group 
of Val Ια (NA2) formed an interchain salt bridge with the carboxyl group 
of Arg 141α (НСЗ) (19). However very recently Amone et al. (20) showed 
from electron density maps obtained at higher resolution that an anion 
is bound between the α-amino group of Val Ια and the guanidino group 
of Arg 141α of the partner chain. 
Oxygen binding properties 




) 1 1 + 0 2 ^ Hb (0„), (i = 1-4) (1) 
in which К are the association constants, known as the Adair constants. 
These constants increase from К, to К.. This increase reflects the 
l 4 
phenomenon that after binding of the first oxygen, the second one binds 
easier and so on. The association constants for the binding of oxygen 
to separate α or β chains are comparable with the value for К observed 
for the binding to hemoglobin, indicating that upon assembly of the 
hemoglobin tetramer the oxygen affinity is reduced (6). This change 
in affinity is caused by structural changes. 
As indicated above the oxygen affinity of hemoglobin is characterized 
by log p_
n
. Fig.4 shows the pH-dependence of this parameter, which is 
called the Bohr effect. The observed relationship between the oxygen 
affinity and the proton concentration implies that the proton affinities 
of deoxy- and oxyhemoglobin are different. The linkage between proton 
and oxygen affinity is given by relation 2, first derived by Wyman (21) 
d 1 о е P50 




in which ΔΖ is the difference between the number of protons bound to 
b 
deoxy- and oxyhemoglobin. Although the pH dependence of ΔΖ is originally 
known as the Haldane effect, in this thesis we will refer to it as the 
Bohr effect. 1 7 
In Fig. 5 the number of protons released per tetramer upon oxygenation 
of deoxyhemoglobin is plotted versus pH under well defined solvent con­
ditions. Equation 2 shows that differentiation of the curve presented 
in Fig. 4 yields the curve shown in Fig. 5 if the log ρ values are 
measured under the same solvent conditions as the proton release has 
been. The difference in number of protons bound to deoxy- and oxyhemo­
globin can be measured most accurately using pH-stat techniques (22). 
It has been found that organic phosphates e.g. D-glycerate-2,3-bisphos-
phate and inositol hexakisphosphate, have a large effect on the magnitude 
of the Bohr effect (23-25). This is due to a difference in interaction 
of these phosphates with deoxy- and oxyhemoglobin. Interactions between 
binding sites for different ligands, like oxygen, proton or organic 
phosphate, are called hetrotropic interactions. 
Recently it has been shown by Rollema et al. (26,27) that chloride ions 
have a large influence on the Bohr effect. They explained their data 
by assuming that in analogy with the organic phosphates small anions 
show different affinities with respect to deoxy- and oxyhemoglobin 
depending on pH. 
Proteins,as for instance hemoglobin,showing homotropic and hetrotropic 
interactions are called allosteric proteins. Allosteric behaviour is a 
phenomenon very often observed in enzyme kinetics. There are two dif­
ferent models to describe allosteric behaviour. These are the model of 
Monod, Wyman and Changeux (28) and the model of Koshland, Némethy and 
Filmer (29). In the model of Monod et al. (28), known as the two state 
model, it is assumed that the subunits can associate in two different 
quaternary structures, which are in equilibrium with each other in all 
stages of ligation. Within one quaternary state all subunits have the 
same affinity for ligands; however the two quaternary states differ in 
their ligand affinity. If unligated the protein is present in the 
low affinity state (T state). Binding of ligands shifts the equilibrium 
towards the high affinity state (R state), resulting in an increase in 
affinity for ligands as ligation proceeds. Allosteric effectors, for 
instance organic phosphates, change the equilibrium between the two 
quaternary structures. 
In the model of Koshland et al. (29), often called the sequential 
model, the protomeric protein starts in a conformation which has a low 
18 
affinity for the first ligand. Binding of the first ligand changes 
the conformation of the subunit it is bound to. This change in confor­
mation induces changes in the free energy of intersubunit interactions 
affecting the affinity of the neighbouring subunits for ligands. The 
affinity for the second ligand can either be increased or decreased; 
which is representative of positive and negative cooperativity. 
In the sequential model of Koshland et al. (29) the number of possible 
quaternary structures in cause of heme ligation is not limited to two. 
In X-ray analysis only two different quaternary structures have been 
observed. This is one of the arguments to prefer the two-state model 
over the sequential model. 
Molecular basis of the Bohr effect 
In the early fifties a first attempt was made to give a description of 
the molecular basis of the Bohr effect (30). It was known that deoxy-
and oxyhemoglobin have different structures, since crystals of deoxy-
hemoglobin cracked upon exposure to oxygen. On this basis it was pos­
tulated that the Bohr effect was due to an alteration in the position 
of some imidazole groups induced by oxygenation of deoxyhemoglobin, 
resulting in a pK shift of these groups (30). Subsequently in the 
sixties Antonini and colleagues extensively studied the Bohr effect (31 
-33). They found that the effect could be described by assuming a pK 
shift of two oxygen-linked groups per heme. One group, probably an 
imidazole group, was thought to be responsible for the alkaline part 
( above pH 6.0 and in 0.1 M KCl) and one group, probably a carboxyl 
group, for the acid part of the Bohr effect (below pH 6.0 and in 0.1 
M KCl) (see Fig.6). The change in pK of the imidazole groups upon 
oxygenation of deoxyhemoglobin supposedly caused the release of 
protons above pH 6.0; the uptake of protons below pH 6.0 was attributed 
to a pK shift of the carboxyl groups. According to this concept the 
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in which К and К are the dissociation constants of the alkaline Bohr 
η η
 t 
groups in oxy- and deoxyhemoglobin respectively and К and К the 
a a 
dissociation constants of the acid Bohr groups in oxy- and deoxyhemo­
globin (see Fig.6 ). 
It has been possible to identify some of the alkaline Bohr groups by 
combining the results of physico-chemical studies of chemically modified 
hemoglobins with the outcome of crystallographic studies. Chemical 
modification of the α-amino groups of the α chains by reacting with 
cyanate, according to (34) 
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Fig. 6. Bohr effect of hemoglobin (solid line). Alkaline part of the 
Bohr effect can be described with a pK shift of four groups 
from 7.84 (pK ) to 6.78 (pK ). Acid part can be described with 
η η , 
a pK shift of four groups from 4.75 (pK ) to 5.35 (pK ). 
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reduces the alkaline Bohr effect by about 25 % (35), suggesting that 
these groups are involved in the Bohr effect. Early crystallographic 
data (19) suggested that in deoxyhemoglobin the α-amino group of Val Ια 
(NA2) formes a salt bridge with a carboxyl group of Arg 141α (HC3) of 
the other chain. In oxyhemoglobin this salt bridge appears to be absent. 
Furthermore in deoxyhemoglobin the imidazole group of His 146(3 (HC3) 
forms an intrachain salt bridge with the carboxyl group of Asp 948 (FG1) . 
This bridge is also absent in oxyhemoglobin (19). From nuclear magnetic 
resonance studies the pK value of the imidazole group of His 146ß (HC3) 
was estimated to be 8.1 in deoxy- and 7.2 in oxyhemoglobin (36). The 
contribution of the two imidazole groups to the alkaline Bohr effect was 
calculated to be about 40 % ( 36) . 
Formation of salt bridges in deoxyhemoglobin increases the pK values 
of the Bohr groups with respect to the values they have in oxyhemoglobin. 
As a result oxygenation of deoxyhemoglobin will be accompanied by proton 
release. 
Neither the remaining part of the alkaline (about 35 %) nor the acid 
part of the Bohr effect could be assigned to any specific groups. In 
order to solve this problem it was hypothesized that the remaining part 
of the alkaline Bohr effect might be due to interaction of chloride ions 
with hemoglobin (36). 
Recently Rollema et al. (27) observed that at very low chloride 
ion concentrations the magnitude of the Bohr effect is smaller 
than is calculated from the contributions of the Bohr groups 
His 1460 (HC3) and Val Ια (NA2) alone. This observation shows that the 
interaction of chloride ions with hemoglobin contributes more to the 
Bohr effect than proposed before (36). Furthermore it suggests that at 
least one of the Bohr groups mentioned above will be involved in chloride 
ion binding. Indeed after electron density maps were obtained at high 
resolution, Arnone et al. (20) came to the conclusion that anions can be 
bound between the α-amino group of Val Ια (NA2) and the guanidino group 
of Arg 141α (HC3) of the other chain, invalidating the old concept of 
salt bridge formation between Val Ια (NA2) and Arg 141α (НСЗ). This 
finding gave solid support to the observations made by the Bruin et al. 
(26) and Rollema et al. (27). 
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Binding of organic phosphates to hemoglobin 
In 1967 Chanutin et al. (37) and Benesch et al. (38) discovered that 
organic phosphates, for instance D-glycerate-2,3-bisphosphate and 
adenosine-triphosphate, have a large effect on the oxygen affinity of 
human hemoglobin. Both organic phosphates are present in the red blood 
cells. From equilibrium dialysis studies it was derived that these phos­
phates bind more strongly to deoxy- than to oxyhemoglobin (39-45). In 
deoxyhemoglobin one high affinity site was observed. Its location was 
determined by X-ray analysis (17). The binding site is found at the 
entrance of the central cavity between the g chains. Seven residues 
are involved in the binding, namely two α-amino groups of Val lg (ΝΑΙ), 
four imidazole groups of His 20 (ΝΛ2) and His 1430 (H21) and one 
ε-amino group of Lys 820 (EF6). Also Inositol hexakisphosphate, which 
is analogous to inositol pentakisphosphate (occuring in the red blood 
cells of avians),binds at the same site in deoxyhemoglobin (46). 
In addition to the high affinity site some low affinity sites have been 
observed at low ionic strength (37,39,47). 
In human oxyhemoglobin no organic phosphate binding site could be ob­
served in the electron density maps. This is due to the rather weak 
binding of these phosphates to human oxyhemoglobin. In binding studies 
the stoichiometry of the binding could not be determined either (39-41). 
In chicken oxyhemoglobin, which has only one high affinity site for 
organic phosphate, the site was also located at the entrance of the 
central cavity between the 0 chains (48). 
Binding of organic phosphates to positively charged groups with a neu­
tral pK, i.e. α-amino or imidazole groups, will be accompanied by pro­
ton absorption. Measuring the proton uptake forms a useful approach 
to determine the fractional saturation of deoxy- and oxyhemoglobin 
with organic phosphates. In the following scheme 
Δ Ζ 1 
Hb > ньо 





in which Hb and HbO represent deoxy- and oxyhemoglobin and Ρ the orga­
nic phosphate, the proton uptake upon binding of organic phosphate to 
deoxyhemoglobin is indicated by ΔΖ , and the proton uptake upon binding 
to oxyhemoglobin by ΔΖ . ΔΖ and ΔΖ^ represent the number of Bohr 
protons released in the presence and absence of organic phosphate. 
ΔΖ , ΔΖ , ΔΖ- and ΔΖ 4 are interrelated by: 
Δ Ζ2 " Δ Ζ3 = " < Δ Ζ4 " Δ Ζ 1 ) ( 4 ) 
The minus sign on the right-hand side of the Eqn 4 comes from the fact 
that ΔΖ and ΔΖ represent proton release. The difference between ΔΖ 
4 1 4 
and ΔΖ is called the additional Bohr effect. Eqn 4 shows that the dif­
ference in binding of organic phosphates to deoxy- and oxyhemoglobin 
can be studied by measuring the additional Bohr effect. 
The aim of this thesis 
As outlined in the preceding sections of this chapter the Bohr effect 
depends strongly on the chloride ion concentration. (27).At the time the 
investigations were started it was unknown to which extent the Bohr 
effect was due to a difference in binding of chloride ions to deoxy-
and oxyhemoglobin. This problem was solved by analysis of the data of 
Rollema et al. (27), according to a model presented in chapter 2. 
Chapter 3 presents an extensive study on the identity of the groups 
contributing to the Bohr effect. 
A large number of papers deal with biochemically modified hemoglobins. 
In these hemoglobins the C-terminal residues His 1466 (HC3) and Arg 141α 
(HC3) have been removed (49-55). These modifications were carried out 
to study the influence of these residues on the Bohr effect. Although 
these hemoglobins are very useful to study changes in functional behaviour, 
the danger exists that modification may cause structural changes in the 
polypeptide chains at places remote from the residues being removed. 
That this danger is real is shown in chapter 4, which presents an ex­
tensive study on the properties of des-Arg "-hemoglobin in solution. 
Up to now the number of binding sites of organic phosphates in oxy­
hemoglobin was unknown. By studying the pH-dependence of the association 
23 
constants for the binding of D-glycerate-2,3-bisphosphate to deoxy-
and oxyhemoglobin, this number was determined. The results are presen-
ted in chapter 5. 
24 
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SUMMARY: The contribution of the interaction of chloride ions with 
deoxy- and oxyhemoglobin to the Bohr effect can be described by a 
simple binding model. Applying this model to experimental data reveals 
that at physiological pH and ionic strength about half of the release 
of Bohr protons is due to a difference in chloride ion binding to 
deoxy- and oxyhemoglobin. The chloride independent part of the Bohr 
effect corresponds with the shift in pK which His 146(5 shows upon 
oxygenation. The proton absorption by hemoglobin observed upon oxyge­
nation below pH 6 is apparently due to a chloride ion induced proton 
uptake which is larger for oxyhemoglobin than for deoxyhemoglobin. The 
analysis of the experimental data indicates the existence of only two 
oxygen linked chloride ion binding sites in both deoxy- and oxyhemo­
globin. In deoxyhemoglobin the binding sites most likely consist of 
Val Ια of one chain and Arg 141α of the partner chain. The sites in 
oxyhemoglobin consist of groups with a pK value in the neutral pH 
range; they do not contain lysyl or arginyl residues. 
INTRODUCTION 
For more than one decade it has been known that monovalent anions like 
chloride have a great effect on the oxygen affinity of human hemoglo­
bin. A decrease in oxygen affinity is observed upon an increase in an­
ion concentration (1-5) . This chloride effect was explained by assum-
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ing that chloride ions bind more strongly to deoxyhemoglobin than to 
oxyhemoglobin (5). The validity of this explanation has recently been 
proven by Chiancone et al. (6,7) using nuclear magnetic resonance 
techniques. Since oxygen affinity not only depends on chloride concen­
tration but also on the pH of the solution, it is interesting to see 
whether proton binding and chloride binding are interrelated. If oxy­
gen linked chloride ion binding sites in deoxy- and oxyhemoglobin con­
sist of positively charged groups with a high pK value only (e.g. 
lysines), then at neutral pH chloride binding will only affect the oxy­
gen affinity but not its pH dependence. On the other hand, if chlo­
ride ions are bound to groups with a pK value around 7 (a-NH or 
imidazole groups) the proton affinity of these groups and consequently 
the pH dependence of the oxygen affinity, which is called the Bohr 
effect, will strongly depend on the anion concentration. Experiments 
demonstrating this behaviour have been carried out in our laboratory 
(8,9). When proceeding from low to high KCl concentrations at neutral 
pH we first observed an increase in the release of Bohr protons fol­
lowed by a decrease. 
At the time the measurements were carried out two groups namely Val Ια 
and His 146β were supposed to contribute to the Bohr effect.On the 
basis of X-ray experiments (11) these residues were thought to form 
saltbridges with negatively charged carboxyl groups and their contri­
bution to the Bohr effect was not considered to be dependent on the 
chloride ion concentration. However at the lowest KCl concentration 
-3 (5x10 M) at which our titration measurements could be carried out the 
Bohr effect was lower than was to be expected from the contributions 
of Val Ια and His 1460. Recently the discrepancies between these 
observations have been removed. In their X-ray studies of hemoglobin 
Arnone et al.(12) showed that in deoxyhemoglobin a chloride ion is 
bound between the a-NH group of Val Ια and the guanidino group of 
Arg 141α of the partner chain in contrast to earlier reports mentioned 
above (11). Our recent experiments on the proton binding to des-
Arg -hemoglobin strongly suggest that the X-ray results are appli­
cable to the solution structure of hemoglobin in that the interaction 
of chloride ions with Val Ια is expected to contribute to the Bohr 
effect (13). Then the following questions remain to be answered: 
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a) Are there in addition to Val Ια other groups contributing to the Bohr 
effect by interaction with chloride? 
b) What is the magnitude of the Bohr effect in the absence of salt? 
In an attempt to answer these questions we analysed the Bohr effect 
data from previous work (9) according to the model described in the 
next section. The result of the calculations show among other things 
i) that at physiological pH and ionic strength about half the number 
of Bohr protons released is due to a difference in chloride binding 
between deoxy- and oxyhemoglobin, ii) that the intrinsic anion inde­
pendent part of the Bohr effect corresponds with the contribution of 
His 1463 to this effect. 
PRESENTATION OF THE MODEL 
The binding sites for chloride ions in deoxy- and oxyhemoglobin will con­
sist of positively charged groups. Due to binding of chloride ions 
the pK value for the deprotonation of these groups will increase, caus­
ing a change in proton affinity for deoxy- and oxyhemoglobin. Since 
chloride ions bind more strongly to unligated than to ligated hemoglo­
bin (6,7) the change in proton affinity at constant chloride ion 
concentration will be different for deoxy- and oxyhemoglobin. This 
difference in affinity will contribute to the Bohr effect; it will be 
referred to as the chloride ion dependent part of the Bohr effect 
(ΔΖ ). Furthermore we make the assumption that part of the Bohr effect 
is independent of the chloride concentration, hereafter called the in­




 = ΔΖ. + ΔΖ,,, (1) 
D 1 Cl 
We further assume that the binding sites of chloride ions in deoxyhemo-
globin are independent and identical, and that the same is true for the 
binding sites in oxyhemoglobin. In this way the binding of chloride 
ions can be described with a single association constant, being differ­
ent for deoxy- and oxyhemoglobin ( К and К respectively). Denoting 
d о 
the degree of chloride binding to deoxy- and oxyhemoglobin by у and 
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In our analysis [Cl ], the concentration of free chloride ions, can be 
replaced by the total chloride concentration since under our experimen­
tal conditions the amount of chloride ions bound is an order of magni­
tude less than the total concentration. As pointed out before protons 
are absorbed upon binding of chloride ions. These protons will be taken 
up by groups involved in chloride binding. Therefore we assume that the 
average proton uptake is proportional to the mean number of chloride 
ions bound, so that у and у will be equal to Ζ / Ζ. and Ζ / Ζ 
d о d d о о 
respectively. Ζ and 2 represent the chloride induced proton uptake 
by deoxy- and oxyhemoglobin respectively; Z. and Ζ represent the 
α о 
maximum proton uptake. Since ΔΖ„, = Ζ - Ζ the following expression 
CI d о 
can be derived for the total Bohr effect: 
ZJ
 κ
^ ["Ί zm к Гсі"! 
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 +
 к [сГ] 1 + к [ci'] 
uZ b = ΔΖ1 + - — (3) 
METHODS 
The parameters Δζ., Ζ™, Κ , Ζ1" and К were estimated by fitting ΔΖ i d d o o D 
(equation 3)to the experimental points through iteration. To this end 
we used a non-linear least square minimization program MINUIT (from CERN, 
Genève) carried out on a IBM 360/158 computer. The experimental points 
were taken from previous work (9). The computer calculations were sub-
jected to two restrictions: first K. should be larger than Κ , and 
α о 
secondly the values for all parameters should vary monotonously with 
pH. Calculated curves and experimental data differed always less than 
0.1 proton and in most cases less than 0.05 proton, which lies well 
within the accuracy of the experiments by which the data were obtained. 
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RESULTS 
Figure 1 presents plots of the number of Bohr protons released per tetra-
mer at different pH values versus the logarithm of the chloride concen­
tration. It is seen that at neutral pH the curves show first an 
increase in ΔΖ due to binding of chloride to deoxyhemoglobin followed 
b 
by a decrease as a result of chloride binding to oxyhemoglobin (8,9). 
At higher pH values hardly any decrease is observed; the maximum of the 
curve is reached at larger CI concentrations than at neutral pH. 
Upon decreasing the pH from 7.0 to lower values the maximum of the cur­
ves shifts towards lower CI concentrations. It is further seen from 
the figure that at pH 5.6 only binding of chloride ions to oxyhemoglobin 
is observed. At this pH the binding of chloride ions to deoxyhemoglobin 
is not accompanied by proton absorption anymore. The lines drawn in Fig. 
1 have been obtained by fitting ΔΖ in eqn. 3 to the experimental points. 
Fig.l. Effect of chloride ions on the Bohr effect at different pH 
values. Bohr iffeet is given as number of protons released 
per tetramer. Data have been taken from Rollema et al. (9). 
Drawn lines are calculated according to equation 3 with the 
parameter values of Table 1. 
-4 о 
Heme concentration: 6.0 χ 10 M; temperature 25 С. 




Ζ and Ζ are the maximum number of protons bound to deoxy- and oxyhe-
d о 
moglobin respectively upon chloride ion binding; К and К are the as­
sociation constants for chloride ion binding to deoxy- and oxyhemoglo­
bin respectively. ΔΖ. is the number of protons released per tetramer 






























































a) Becuase of the large value of the association constant only 
the total of ΔΖ. and Z, could be determined. Ζ . can be ob-
i d d 
tained by subtracting from the whole effect the contribution 
of ΔΖ. amounting 0.2 proton (taken from Fig. 4). 
b) Could not be determined with sufficient accuracy. 
The parameter values resulting from the computer calculations are given 
in Table 1. The observed increase in the values for K, and К upon 
d о 
lowering the pH is expected if chloride ions bind to groups with a pK 
value in the pH range studied. At constant pH the value for K, is about 
d 
100 times the value for К . Consequently the binding of chloride to 
о 
deoxy- and oxyhemoglobin occurs in well separated chloride concentration 
regions.For instance at pH 7.4 the binding of chloride to deoxyhemoglo­
bin is almost complete at 0.1 M KCl, while the degree of binding to oxy­
hemoglobin is still rather low. 
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The pH dependence of the values calculated for Ζ and Ζ is shown in 
d о 
Figure 2. Drawn lines represent the proton utake by two identical 
groups which upon chloride binding shift their pK values from 6.4 to 
8.3 in deoxyhemoglobin and from 5.6 to 8.0 in oxyhemoglobin. 
According to the theory of the linked functions (14) both K, and Z, 
d d 
and К and Ζ are interrelated as follows (15): 
о о 
log К 








in which η . and η are the number of chloride ion binding sites in d o 
deoxy- and oxyhemoglobin respectively; С and С are integration con­
stants. Values for these constants were chosen in such a way that the 
values for К obtained by integration became equal to those observed 
for deoxyhemoglobin at pH 8.5 and for oxyhemoglobin at pH 5.6. These 
pH values are most suitable for calibration purposes since at these pH 
values the observed association constants can be determined most 
Fig.2. Maximum number of protons taken up due to chloride ion binding 
to deoxy- (·) and oxyhemoglobin (o). Drawn lines represent the 
number of protons taken up due to a pK shift of 6.4 to 8.3 for 
deoxyhemoglobin and of 5.6 to 8.0 for oxyhemoglobin. 
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log К 
Fig. 3. The pH dependence of log К. (·) and log К (о). Drawn lines 
α о 
have been calculated using equations 4a and 4b with a value 
of log 8.8 for С, and of log 0.25 for C„. The values for η 1 2 d 
and η are given in the figure. 
о 
Fig. 4. The intrinsic, chloride independent part of the Bohr effect 
ΔΖ., expressed as number of protons released per tetramer upon 
oxygenation. Drawn line represents the number of protons 
released due to a pK shift of 7.8 to 6.9 for two groups. 
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accurately. Graphical intergration ol the curves shown in Fig. 2 yields 
the same pH dependence for К and К as emerging from the computer cal­
culations (Table І) with a value of 2 for both η and η (Figure 3). 
d о 
This result indicates that there are two binding sites for chloride ions 
in both deoxy- and oxyhemoglobin. 
The pH dependence of ΛΖ., the chloride ion independent part of the Bohr 
effect, is shown in Figure 4. The curve shown in this figure is calcul­
ated assuming the presence of two groups with a pK of 7.8 in deoxyhemo-
globin and a pK of 6.9 in oxyhemoglobin. This pK shift corresponds 
very well with the pK shift of His 146β of the two β chains upon oxy­
genation (10) . 
DISCUSSION 
The results of the calculations based on the model presented in this 
paper show that a large part of the Bohr effect is due to a difference 
in binding of chloride to deoxy- and oxyhemoglobin which results in a 
different proton affinity for both species. The values obtained for К 
d 
and К are in good agreement with those reported by Chiancone et al. 
(6.7 ) and by Deal (16). It is noteworthy that at neutral pH in 
0.1 M KCl deoxyhemoglobin is almost saturated with chloride while the 
number of chloride bound to oxyhemoglobin is still small. As a result 
at physiological pH and ionic strength the proton affinity of deoxy­
hemoglobin will be larger than of oxyhemoglobin giving rise to a proton 
release upon oxygenation which is superimposed on the intrinsic Bohr 
effect. 
Below pH 6 Z, is smaller than Ζ (see Fig.2) as a result the chloride d о 
induced proton uptake by oxyhemoglobin is larger than the uptake by 
deoxyhemoglobin in this pH region at 0.1 M KCl. This leads us to the 
conclusion that the so-called acid Bohr effect observed below pH 6.0 at 
0.1 M KCl is not due to a change in proton affinity of some carboxyl 
groups upon oxygenation, as mostly is assumed, but rather to a change in 
proton affinity of oxyhemoglobin induced by chloride ion binding.The 
curve showing the pH dependence of the chloride independent part of the 
Bohr effect (Fig.4) agrees very well with the curve calculated from the 
pK shift observed for His 1468 upon oxygenation of hemoglobin (10). 
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This results strongly supports the validity of the model presented in 
this paper. 
From the pH dependence of К and К both observed (Table 1) and ob-
d о 
tained by graphical integration of the curves shown in Figure 2 we con­
clude that two chloride binding sites are present in both deoxy- and 
oxyhemoglobin. By studying the dependence of the oxygen affinity on the 
chloride concentration Haire and Hedlund (4) found a release of 1.6 
chloride ions upon oxygenation of deoxyhemoglobin. The satisfactory 
agreement between the two methods indicates that there are no additional 
oxygen linked sites present in deoxyhemoglobin. The sites in deoxyhemo­
globin can be identified with the chloride binding sites formed by the 
a-NH group of Val Ια and the guanidino group of Arg 141α (12). It 
raust be noticed here that in this analysis those sites which have 
equal affinity in both deoxy- and oxyhemoglobin can not be observed. 
2 -1 
The chloride binding constant to deoxyhemoglobin amounts to 6.5 10 M 
at low pH (Fig. 3). This corresponds with a standard free energy of 
reaction of 16.1 kJ/mole. The chloride induced pK shift of the NH 
group of Val Ια was estimated to be 1.9. This corresponds with a change 
in standard free energy for the deprotonation of the a-NH group of 
11.0 kj/mole. The observed difference of 5.1 kJ/mole can be explained 
by the additional interaction of chloride with Arg 141α. 
Although the binding site in oxyhemoglobin has not been identified as 
yet, the very small value of 0.25 for the chloride binding constant at 
high pH (see Fig.3) strongly suggests that no arginyl or lysyl residues 
are involved in the chloride binding site of oxyhemoglobin. Furthermore 
the pH dependence of the association constants (Fig.3) indicates that 
one or more groups with a neutral pK value are involved in the chloride 
ion binding by oxyhemoglobin. 
Since the NH group of Val Ια is involved in chloride binding its pK 
value in deoxyhemoglobin will be strongly dependent on the KCl concen­
tration. In preliminary experiments in which we studied the rate of 
dinitrophenylation of Val I a in deoxyhemoglobin we obtained for this 
group a pK value of 8.0 at 0.1 M KCl and a value of 7.5 at 0.01 M KCl. 
The observe difference in pK of 0.5 can be fully explained by the 




The authors are very grateful to Dr. C. W. Hilbers for his critical 
reading of the manuscript. 
REFERENCES 
1. Bunn.H.F. and Guidotti.G. (1972) J. Blol.Chem. 247, 2345-2350. 
2. Nigen.A.M. and Manning,J.M. (1975) J. Biol.Chem. 250, 8248-8250. 
3. Bonaventura,J.,Bonaventura,С.,Sullivan,В. and Ferruzti.G. (1976) 
J. Biol. Chem. 251, 7563-7571. 
4. Haire.R.N. and Hedlund, B.E. (1977) Proc. Nat. Acad. Sci.USA 74, 
4135-4138. 
5. Benesch.R.E.,Benesch.R. and Yu.C.I. (1969) Biochem. 8, 2567-2571 
6. Chiancone,E., Nome,J.E., Forsén.S. .Antonini,E. and Wyman, J. 
(1972) J.Mol. Biol. 70, 675-688. 
7. Chiancone.E. .Nome, J. E . , Forsén.S. , Bonaventura, J. .Brunori ,Μ. , 
Antonini,E. and Wyman,J. (1975) Eur.J.Boichem. 55, 385-390. 
8. De Bruin.S.Η.,Rollema,H.S., Janssen,L.H.M. and van Os, G.A.J. (1974) 
Biochem. Biophys. Res.Commun. 58, 210-215. 
9. Rollema, H.S., de Bruin,S.H., Janssen,L.H.M. and van Os,G.A.J. (1975) 
J. Biol.Chem. 250,1333-1339. 
10.Kilmartin, J.V. .Breen,J. J. ,Roberts ,G.CK. and Но,С. (1973) Proc.Nat. 
Acad.Sci. USA 70, 1246-1249. 
ll.Perutz.M.F. (1970) Nature 228, 726-734. 
12.Amone,A.,Benesch.R.E.,Benesch.R. (1977) J.Mol.Biol. 115, 627-642. 
13.Van Beek.G.G.M., Zuiderweg,E.R.P. and de Bruin,S.Η. (1978) Eur.J. 
Biochem. 92, 309-316. 
14.Wyman,J. (1969) Advan.Protein Chem. 19, 223-286. 
15.De Bruin,S.H., Janssen,L.H.M. and van 0s,G.A.J. (1973) Biochem.Bio­
phys .Res .Commun. 55, 193-199. 
16.Deal,W.J. (1975) Biopolymers 14, 1273-1281. 
39 

C H A P T E R 3 
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SUMMARY : The number of Bohr protons released upon oxygenation of human 
hemoglobin was measured at 25 and 35 С as a function of the concentra­
tion of chloride ions. From the results obtained association constants 
could be evaluated for the binding of chloride ions to both deoxy- and 
oxyhemoglobin at these two temperatures. 
The pK values could be determined for the protonic groups involved in 
chloride ion binding in deoxy- and oxyhemoglobin. From these data it 
was inferred that in oxyhemoglobin only imidazole groups are partici­
pating in chloride binding, whereas in deoxyhemoglobin the chloride 
binding sites contained the α-amino groups of Val Ια. The same conclusions 
were reached by measuring the pK values of the amino groups of Val Ια 
and Val IB at different temperatures and ionic strengths. These pK 
values were measured by following the rate of reaction of 1-fluoro-2,4-
dinitro-benzene with the α-amino group by spectrophotometric means. 
We further showed the the affinities of CI ,Br and I for oxyhemoglobin 
follow the lyotropic or Hofmeister series, while this effect is much 
less for deoxyhemoglobin. This result indicates that for the binding 
of anions to oxyhemoglobin interactions with non-polar groups contri­
bute to the free energy change of binding. 
INTRODUCTION 
It has been known for many years that chloride ions have a higher 
affinity towards human deoxy- than to oxyhemoglobin (1), explaining the 
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Observation that the oxygen affinity of hemoglobin decreases upon an 
increase in chloride ion concentration. However, it was shown 
recently that not only the oxygen affinity but also the number of Bohr 
protons released upon oxygenation of deoxyhemoglobin is strongly de­
pendent on the presence of chloride ions (2). This effect can be 
explained qualitatively by assuming that chloride ions bind to positi­
vely charged groups with a neutral pK value in both deoxy- and oxy­
hemoglobin. Only in this situation the release of chloride ions, occur­
ring upon oxygenation of hemoglobin at neutral pH, will be accompanied 
by a release of protons. In a recent paper we have presented a model 
which permitted a quantitative analysis of the data of Rollema et al. 
(3). The analysis showed that at neutral pH and physiological ionic 
strength about half of the number of Bohr protons released results from 
a difference in interaction of chloride ions with deoxy- and oxyhemo­
globin. The remaining part appeared to be ionic strength independent 
and could be attributed to the imidazole group of His 1466 which in 
deoxyhemoglobin forms a salt bridge with carboxyl group of Asp 94B (4). 
We further showed that both deoxy- and oxyhemoglobin contained two 
oxygen-linked chloride ion binding sites (3). In deoxyhemoglobin these 
sites are formed by Val Ια and Arg 141α (5). In oxyhemoglobin the sites 
contain either α-amino or imidazole groups (3). To discirminate between 
these two possibilities two methods can be used. The first is to 
measure the pK value of the α-amino groups at different chloride ion 
concentrations. The second is to investigate the heat of deprotonation 
of the oxygen-linked groups in oxyhemoglobin, since the heat of depro­
tonation for α-amino groups is about twice as large as for imidazole 
groups (6). The pK value of the α-amino groups can be measured 
specifically by determining the rate of reaction of 1-fluoro-2,4-dini-
tro-benzene (N ph-F) with these groups spectrophotometrically. The 
results show that the chloride ion binding sites in oxyhemoglobin con­
sist of imidazole groups only. 
Furthermore we studied the affinities of the binding of different 
halide ions to deoxy- and oxyhemoglobin. It appeared that they follow the 
lyotropic or Hofmeister series (7). From this we conclude that in anion 
binding to oxyhemoglobin hydrophobic interactions are significant. 
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MATERIALS AND METHODS 
Materials 
Human hemoglobin was prepared by the toluene method of Drabkin (8). The 
, ,..> · *. HgBzOH . „HgBzOH ,_ . 
separation of hemoglobin into a and ρ chains was carried 
out according to the method of Bucci and Fronticelli (9), modified as 
described earlier (10). 
cu 
Preparation of Cbm-ß chains and the recombination of α and Cbm-
SH 
0 chains to α (Cbm-ß) was carried out according to the method as 
outlined previously (11) (see chapter 4). 
The carbamylation of the α chains was performed with a five-fold 
excess of KCNO (BDH Chemicals Ltd.) in phosphate buffer (pH 6.0, 0.1 M) 
о 
for one hour at 25 C. The reaction products were sperated on a CMC-50 
Sephadex column, using a linear pH gradient of 0.05 M phosphate (pH 6.6) 
and 0.05 M phosphate (pH 7.6). The elution pattern consists of three 
peaks. The third peak contained unreacted matherial. The protein of the 
second peak was identified as containing Cbm-a . This identifica­
tion was based on the following observations. By taking the difference 
between the hydrogen ion titration curve of the protein of the second 
HgBzOH 
peak and the curve of unmodified α chain it was shown that in the 
unmodified chain one group titrates with a pK value of 7.2, which was 
HgBzOH 
absent in the modified α chain. Moreover the modified chain did 
not react with N ph-F. The first peak contained protein having some 
lysyl groups carbamylated as well. This was concluded from the hydro­
gen ion titration curves. 
Ρ -inositol was purchased from BDH Chemicals Ltd. and freed from cations 6 
by passage through a cation-exchange column (Amberlite IR 120) and 
neutralized with NaOH. 
Methods 
о 
The hydrogen ion titration curves were measured at 25 С with the auto­
matic titration equipment described by Janssen et al. (12). 
The release of Bohr protons was measured as follows. Solutions of oxy­
hemoglobin containing different amounts of KCl, KBr or ΚΙ, were deoxy-
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genated in a rotating tonometer by a stream of nitrogen. Samples of 
4 ml of these solutions were anaerobically transferred into a titration 
vessel. Deoxyhemoglobin was subsequently oxygenated by a stream of oxy­
gen, while the pH was kept constant using a very sensitive pH-stat 
equipment described earlier (13). 
Analysing of the data 
Binding of anions to α-amino or imidazole groups will increase the pK 
value for the deprotonation of these groups. Since chloride ions bind 
more strongly to unligated than to ligated hemoglobin (1) the proton 
affinity at constant chloride concentration will be different for deoxy-
and oxyhemoglobin. This difference in affinity will contribute to the 
Bohr effect; it will be referred to as the chloride ion dependent part 
of the Bohr effect and is indicated by ΔΖ . Denoting the intrinsic 
anion independent part of the Bohr effect by ΔΖ., the whole Bohr effect 
(ΔΖ ) is given by: b 
ΔΖ = ΔΖ + ΔΖ (1) 
D 1 L·! 
Assumnig that the binding of chloride ions can be described by a single 
association constant K. for deoxyhemoglobin and К for oxyhemoglobin d о 
we arrive at the following expression for ΔΖ 
b 
ΛΖ ΛΖ
 zd Kd н z: \ Η 
ΔΖ = ΔΖ + — - - — — - (2) 
1 + К Ю1 J 1 + К pi 
d L о L J 
where Ζ and Ζ represent the maximum proton uptake by deoxy- and 
oxyhemoglobin upon saturation with chloride ions respectively (3). 
The parameters ΔΖ. , Ζ_,, Κ , Ζ and К are estimated by fitting ΔΖ^ i d d o o b 
(Eqn 2) to the experimental points through iteration. To this end we 
used a non-linear least square minimization program MINUIT (from CERN, 
Genève). The calculations were carried out on a IBM 360/158 computer. 
The computer calculations were subjected to the restriction that the 
values for all parameters should vary monotonously with pH. Calculated 
curves and experimental data differed always less than 0.1 proton and 
in most cases less than 0.05 proton, which is well within the accuracy 
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of the experimental data. 
The rate of reaction of N ph-F with the α-amino group in a (Cbra-g) 
ύ 2 2 
or (Cbin-a)2ß2 was measured spectrophotometrically by following the 
increase in absorbance at 353 nm (14). The observed pH dependent second 
order rate constant К is given by (14) 
η 





where к stands for the pH independent rate constant, К for the ioni­
sation constant of the α-amino groups and [H J for the proton activity. 
RESULTS 
Influence of anions on the Bohr effect 
The number of protons was measured as function of different solvent 
conditions, as there are pH, temperature, kind of anion and salt con­
centration. Fig. 1 shows an example of the Bohr proton release as a 
-1 0 
log[Anion| 
Fig. 1. Influence of anions on the Bohr effect (ΔΖ ) at pH 7.4. Bohr 
effect is given as number of protons released per tetramer and 
is measured in the presence of chloride (Δ), bromide (•) and 
iodide (0) ions. The data of the Bohr effect in the presence of 
chloride ions are taken from Rollema et al. (2). Solid lines 
have been calculated using Eqn 2. Conditions: heme concentra­
tion, 0.6 mM; temperature, 25 C. Arrows down indicate -log К 
arrows up indicate -log К d' 
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function of the concentration of KCl, KBr and KI at pH 7.4. The shape 
of each curve can be qualitatively interpreted as follows. Proceeding 
from low to high anion concentrations first an increase in the Bohr 
effect is observed due to binding of anions to deoxyhemoglobin followed 
by a decrease in this effect as a result of binding of anions to 
oxyhemoglobin. The data were analysed using the iterative procedure 
described in the previous section. 
The values for К and К obtained at pH 7.4. and at lower pH values are 
summarized in Fig. 2. Examination of the data reveal that chloride, 
bromide and iodide ions show a similar dependence on pH, indicating 
that these anions bind to the same groups. The data show further that 
both К and К follow the lyotropic series, although the effect is 



























Fig. 2. The pH-dependence of the association constants for the binding 
of anions to deoxy- (t.A.m) and oxyhemoglobin (Ο,Δ,α). Anions 
are chloride (Δ,Α), bromide (П,Ш) and iodide (0,·). Conditions 
as in Fig. 1. 
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Temperature dependence of the Bohr effect 
Fig. 3 shows the release of Bohr protons observed at three different 
temperatures in 0.1 M KCl. The results obtained are consistent with 
earlier data measured at near physiological salt concentrations (15-17). 
In these reports the interpretation was based on the concept that the 
entire Bohr effect is intrinsic in nature; that is to say it was 
assumed that deoxyhemoglobin contained Bohr groups which change their 
pK upon oxygenation independent of solute conditions. Since than we 
have shown that the molecular mechanism of the Bohr effect is more 
complicated than was assumed earlier, involving interaction of anions 
with hemoglobin. Therefore a proper study of the temperature dependence 
of the Bohr effect has been carried out at different salt concentrations. 
Fig. 3. Temperature dependence of the Bohr effect (ΔΖ ). Bohr effect 
b 
is given as number of protons released per tetramer. 
Temperature: 10 0C (D)¡ 25 0C, (Δ) and 35 OC,(0); 0.1 Μ KCl; 




Fig. 4. Influence of chloride ion concnetration on the Bohr effect (ΔΖ ) 
b 
at two temperatures and pH values. Bohr effect is given as 
number of protons released per tetramer. Conditions: pH 7.4, 
(Δ,Α); pH 6.0, (О,·); 25 0C, (á,·) and 35 0C, (Δ,0); heme 
concentration, 0.6 mM. Data measured at other pH values are not 














Fig. 5. The pH dependence of the association constants for the binding 
of chloride ions to deoxy- (0,·) and oxyhemoglobin (Δ,Α), at 
25 0C (·,Α) and 35 "c (Ο,Δ). 
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Fig. 4 shows a few examples of the chloride concentration dependence of 
the Bohr effect at 25 and 35 C. The solid lines represent the best fit 
to the experimental data. 
The values calculated for log K, and log К from the data of Fig. 4 and 
d о 
from the data measured at different pH values are shown in Fig. 5, where 
log К is plotted versus pH. It can be seen that at 25 and 35 С К and 
К increase upon a decrease in pH. This behaviour is expected if anions 
о 
are bound to groups with a neutral pK value. 
In Fig. 6 the values for Ζ and Ζ resulting from the experimental data 
d о 
are plotted versus pH. At 35 С the proton uptake can be described by a 
chloride induced pK shift of two groups from 6.1 to 7.9 in deoxyhemo-
globin and from 5.4 to 7.6 in oxyhemoglobin. At 25 С the pK shifts are 
from 6.4 to 8.3 in deoxyhemoglobin and from 5.6 to 8.0 in oxyhemoglobin. 
Fig. 6. Maximum number of protons absorbed upon binding of chloride 
ions to deoxy- (Z ¡0,·) and oxyhemoglobin (Ζ ;Δ,Α) at 25 С 
(·,*) and 35 С (Ο,Δ). Solid lines have been calculated assum­
ing a pK shift of two groups from 6.4 to 8.3 for deoxyhemoglo­
bin and from 5.6 to 8.0 for oxyhemoglobin at 25 С and from 6.1 
to 7.9 for deoxyhemoglobin and from 5.4 to 7.6 for oxyhemoglo­
bin at 35 С 
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From these pK values we calculate the heat of deprotonation of the 
groups involved in anion binding both in the absence of chloride ions 
and when fully ligated with chloride ions. The results are shown in 
Table 1. 
In Fig. 7 the values obtained for ΔΖ are plotted versus pH. At 35 С 
the data can be described by a pK shift of the two imidazole groups of 
His 146B from 7.3 to 6.5 and at 25 0C from 7.8 to 6.9. From these pK 
values we calculate the heat of deprotonation of the imidazole groups 
of His 146B in deoxy- and oxyhemoglobin. The results are also shown in 
Table 1. 
The reaction enthalpies can be interpreted as follows. 
(i) In deoxyhemoglobin the imidazole group of His 146ß forms a salt 
bridge with the carboxyl group of Asp 94B (4), which is absent in oxy-
hemoglobin. Due to this salt bridge the enthalpy change for the depro-
tonation of His 146ß will be larger in deoxyhemoglobin than in oxyhemo-
T 1 r 
Fig. 7. The pH dependence of the anion independent part of the Bohr 
effect (ΔΖ.) at 25 (Δ) and 35 0C (0). The Bohr effect is given 
as number of protons released per tetramer. Solid lines repre­
sent the release of protons due to a pK shift of two groups from 
7.8 to 6.9 at 25 0C and from 7.3 to 6.5 at 35 0C. 
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TABLE 1 
Values for the change of enthalpy of groups involved In the Bohr effect 
in deoxy- (ΔΗ ) and oxyhemoglobin (ΔΗ ). d о 
These values are calculated from the pK shift these groups show upon a 
о 
change in temperature of 25 to 35 C. 
Groups ΔΗ , ΔΗ 
d
 -4 0 -4 
(J/mole) χ 10 (J/mole) χ 10 
Intrinsic Bohr groups in 
deoxyhemoglobin (His 1466) -7.1 
Intrinsic Bohr groups in 
oxyhemoglobin (His 1468) -3.5 
Chloride binding groups in 
deoxyhemoglobin (Val Ια) in 
the absence of salt -5.3 
Chloride binding groups in 
deoxyhemoglobin (Val Ια) 
fully saturated with chloride -7.1 
Chloride binding groups in 
oxyhemoglobin in the 
absence of salt -3.5 
Chloride binding groups in 
oxyhemoglobin fully 
saturated with chloride -7.1 
globin. 
(ii) In deoxyhemoglobin Val Ια is part of the chloride binding site. If 
no chloride is bound the enthalpy value equals the value for a free a-
4 
amino group which is about -4.8x10 Joules/mole.The increase in heat of 
deprotonation observed upon binding of chloride is again due to electro­
static interaction. 
(iii) In the absence of chloride the value for the heat of deprotonation 
of the groups involved in chloride binding in oxyhemoglobin is close to 
the value characteristic for free imidazole groups indicating that in 
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TABLE 2 
The pK values of the α-amino groups of Val Ια and Val Iß and the pH-
Independent second-order rate constante (к ) for the reaction of 
о 
N ph-F with the α-amino group. In some cases the experiments were per­
formed at different temperatures; than the change of enthalpy values 
(ΔΗ) are given too. 
Heme concentrations, 0.03 - 0.2 mM; N ph-F concentrations, 1.5 - 3.0 
mM. Concentrations are given after mixing. Values (±S.D.) are obtained 
from linear regression calculations. 







(M s ) (J/mole)xl0 
α (Cbm-B)_ deoxy 0.1 1 9.2+0.2 0.13+0.04 
15 8.5 ± 0.2 0.15 ± 0.02 
25 8.0 ± 0.2 0.19 ± 0.05 
-8.0+2.0 
carboxy 0.1 1 8.03±0.15 0.03710.002 
15 7.5 ± 0.1 0.050+0.003 
25 7.25+0.05 0.065+0.003 
-5.2+1.3 
deoxy 0.01 25 7.50+0.05 0.71 + 0.08 
carboxy 0.01 25 7.40+0.05 0.45 + 0.03 
(Cbm-a) 6 deoxy 0.1 25 7.7 ± 0.1 0.12 + 0.01 
carboxy 0.1 25 7.7 ± 0.1 0.12+0.01 
HgBzOH carboxy 0.1 5 
25 
8.0 ±0.15 0.14 ± 0.01 
7.3 ±0.10 0.26+0.04 
-5.5+2.0 
„HgBzOH 
carboxy 0.1 25 7.3 ±0.01 0.087+0.004 
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oxyhemoglobin the terminal α-amino groups are not involved in binding 
of chloride. 
Determination of the pK values of the α-amino groups of Val Iß and Val Ια 
By measuring the rate of reaction of N -ph-F with amino groups as a 
function of the pH, the pK values for the deprotonation of those groups 
can easily be determined by plotting 1/K versus[HJ. The intercept of 
the straiht lines obtained with the abscissa is equal to - K; the 
intercept with the ordinate yiels 1/k (Fig. 8). Hemoglobin was used 
о 
of which the a-amino group of either Val Ια or Val 16 was blocked by 
carbamylation with KCNO. Hemoglobin modified in this way does 
possess normal cooperative oxygen binding properties indicating that 
carbamylation does not induce tertiary or quaternary structural changes 
(18). 
Fig.8 shows the values for 1/K obtained for a serie of kinetic experi-
ments carried out on ligated and unligated α (Cbm-ß) . The data nicely 
obey Eqn 3. In Table 2 the results obtained at different temperatures 
and different salt concentrations are summarized; those for the free 
α and β chains are given for comparison. As expected, in both the 
























η» i o 
Fig. 8. The pH dependence of the reaction of N ph-F with α (Cbm-ß) 
in the ligated (0) and unligated form (·). Conditions as in 
Table 2. 
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ligated and unligated form of α (Cbm-ß) the pK value of Val Ια in­
creases upon a decrease in temperature. The values calculated for the 
heat of ionization of the α-amino groups of Val Ια are in good agree­
ment with the values listed in Table 1. The change in enthalpy obser­
ved for Val Ια in ligated α (Cbm-ß) is equal to the value measured 
for the α-amino group in the free α chains indicating that in oxy­
hemoglobin Val Ια is free to move as suggested by Perutz (4). For 
unligated α (Cbm-S) the pK value of Val Ια depends strongly on the 
chloride concentration confirming the fact that in deoxyhemoglobin this 
residue is part of the chloride binding site. 
The pK value of Val Iß does not change upon ligation of deoxy-
(Cbm-a) β . This result proves that this residue does not contribute 
to the Bohr effect, although it plays a vital role in the binding of 











Fig. 9. Plot of the Br^nsted relation for the reaction of N ph-F with 
the a-amino group of α (Cbm-ß) and (Cbm-α) β . 
2 2 2 2 
Carboxy-a2(Cbm-ß)2, (Λ), deoxy-a2(Cbm-ß)2, (A); deoxy- and 
carboxy-(Cbm-α) β , (0). 
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Moreover it also shows that even in case the a-amino group of Val Iß 
binds chloride this binding must be considered as being not oxygen 
linked. 
The observation that the pK value of the a-amino group in the free 6 
chain is smaller than the pK value in the В chain in the hemoglobin 
HgBzOH 
tetramer is difficult to explain. A reason might be that in the β 
chains the -SH group of Cys 93g is blocked by mercuribenzoate, preven­
ting the chains from forming a tetramer, while the -SH group is un­
blocked in (Cbm-a) β . 
When the values for log к observed for the modified hemoglobin are 
о 
plotted versus the pK values measured for the α-amino groups according 
to Briinsted (19), a straight line is obtained with a slope of 0.6 
(Fig. 9). This result indicates that the reaction of N -ph-F with Val 
Ια or Val Iß is probably base catalysed. A similar conclusion was 
obtained by Garner et al. (20) studying the reaction of isocyanate with 
the a-NH group of hemoglobin. The pK values for Val Ια and α (Cbm-ß) 
reported in this paper are in good agreement with those observed by 
Garner et al. (20); however for Val Iß they measured a pK value which 
is about 0.6 smaller than estimated by us. 
DISCUSSION 
The findings that the pK value of the α-amino group of Val Ια in ligated 
α (Cbm-ß) does not depend on the chloride ion concentration (Table 2), 
and that the pK value of the α-amino group of Val Iß does not change 
upon oxygenation of (Cbm-a) β ,lead to the conclusion that the a-amino 
groups do not form the chloride binding site in oxyhemoglobin. In other 
words in oxyhemoglobin only imidazole groups are involved in chloride ion 
binding. This conclusion is in full agreement with the result that in 
the absence of chloride the heat of deprotonation of the chloride bin-
4 
ding group amounts to -3.3 χ 10 Joules/mole, which is almost the value 
characteristic for imidazole groups (6). 
For the chloride binding groups in oxyhemoglobin we calculated a pK 
value of 5.6 in the absence of salt (see Table 3). In deoxyhemoglobin, 
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where they are not participating in chloride binding, these groups 
supposedly have the same pK value, even in the presence of salt. 
Consequently in the presence of salt the pK of these groups will be 
raised upon oxygenation of deoxyhemoglobin, as a result of chloride 
binding (see Table 3). This binding causes proton absorption by oxy-
hemoglobin. This is the underlying mechanism for the acid Bohr effect 
extending its influence up to pH 8 at high salt concentrations. 
After having identified the groups participating in the binding of 
chloride ions the question arises which imidazole groups are involved. 
Although we are not capable of giving a conclusive answer to this 
question, we can give some comments. From the observation that D-gly-
cerate-2,3-P displaces chloride ions bound to oxyhemoglobin Chiancone 
et al.(21) proposed that His 1436 , being part of the binding site of 
D-glycerate-2,3-P could be a chloride binding site in the absence of 
organic phosphate. Although in deoxyhemoglobin this group has a pK 
value of 5.6 (22),it cannot be an oxygen linked chloride binding site 
since the oxygen affinity of Little Rock ((Glu )hemoglobin) shows the 
same chloride ion dependence as hemoglobin A (23). Moreover the Bohr 
effect of both hemoglobins are equal. 
TABLE 3 
The pK values in ligated (HbO ) and unligated (Hb) hemoglobin of the 
groups involved in the binding of chloride ions to oxyhemoglobin. 
Temperature 25 C. 
Hb HbO„ 
Without salt 5.6 5.6 
With salt 5.6 >5.6 
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A priori His 1465, which in deoxyhemoglobin is part of a salt bridge, 
could be a binding site for chloride ions in oxyhemoglobin. However, 
this possibility is ruled out by the observation that upon enzymatic 
removal of this residue the acid Bohr effect becomes enhanced (24). 
Likely candidates for the chloride ion binding sites are His 122a, 
His 103a and His 97g. All three histidines have a water molecule bound 
between them and non-polar residues (25). Chloride ions replacing these 
water molecules are likely to interact with these non-polar groups, 
offering an explanation for the observation that binding of CI , Br 
and I ions to oxyhemoglobin follow the lyotropic series. To this adds 
that the three histidines are invariant in horse, human and bovine 
hemoglobins (26), which all exhibit almost the same acid Bohr effect 
(27,28). It is worthwhile mentioning that both the low and high affinity 
sites for anions in human serum albumin follow the lyotropic series (29, 
30). The binding constant for the low affinity site is of the same 
magnitude as the constant for the binding of chloride ions to oxy­
hemoglobin. 
Although for oxyhemoglobin further study is still required in order to 
establish which histidines are really involved in chloride binding, we 
think that the situation for deoxyhemoglobin is quite clear. The group 
responsible for the intrinsic Bohr effect is the imidazole group of 
His 146g. In oxyhemoglobin the heat of deprotonation of this group is 
characteristic of a free imidazole group, indicating that in oxyhemo­
globin this group can freely move. The increase in enthalpy for this 
group in deoxyhemoglobin (Table 1) is equal to the value expected for 
4 
hydrogen bonding (-2.4 to -3.2 χ 10 Joules/mole) in full agreement 
with the X-ray studies of Perutz (4). 
The second Bohr group in deoxyhemoglobin is Val Ια. Its pK value de­
pends strongly on the concentration of chloride ions. If fully ligated 
with chloride its amino group has a pK value of 8.4. At intermediate 
states of chloride ligation the apparent pK value of this α-amino group 
m 
can be evaluated as follows. Using Z, and К given in Figs. 5 and 6, 
d d 
Ζ can be calculated as a function of pH at different chloride ion d 
concentrations. The calculated values obtained in this way lie on bell 
shaped curves, similar to those shown in Fig. 6. These curves describe 
the proton absorption due to a pK shift of two groups from 6.4 ( in the 
57 
absence of salt) to an apparent pK value depending on the salt concen­
tration. By this procedure the apparent pK values in 0.1 M and 0.01 M 
KCl were calculated to be Θ.0 and 7.4. These data are in full agreement 
with the values listed in Table 2. 
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CHAPTER 4 
THE BINDING OF PROTONS AND INOSITOL 
HEXAKISPHOSPHATE TO LIGATED AND UNLIGATED HUMAN 
DES-ARG 1 4 -HEMOGLOBIN 
G.G.M. van Beek, E.R.P. Zuiderweg and S.H. de Bruin 
Department of Biophysical Chemistry 
University of Nijmegen, Toernooiveld, Nijmegen 
The Netherlands 
SUMMARY: Des-Arg - hemoglobin has been prepared and its proton 
binding behaviour has been studied.lt appeared that the difference in 
protons bound by hemoglobin and des-Arg -hemoglobin cannot be ex­
plained by the mere absence of Arg-141a . The results indicate that 
upon removal of Arg-141a , two lysyl or arginyl residues become masked 
and two histidyl residues titratable.The Bohr effect of des-Arg 
hemoglobin appears to be lower than that of hemoglobin. We present 
evidence that this phenomenon is for the greater part due to the absence 
of a pK shift of Val-la upon ligation of des-Arg -hemoglobin. This 
follows from a study of the pH-dependence of the rate of reaction of 
1-fluoro-2,4-dinitro-benzene with the amino group of Val-la . In the 
presence of inositol hexakisphosphate the Bohr effect of des-Arg 
hemoglobin is still smaller than that of hemoglobin in the presence of 
this polyanion. Above pH 7 the proton uptake by des-Arg -hemoglobin 
upon binding of inositol hexakisphosphate is smaller than that observed 
for hemoglobin. The possibility is discussed that the change in proton 
binding behaviour of hemoglobin upon removal of Arg-141a is due to а 
conformational change in the FG region of the о chains. As a result 
His-89a becomes titratable and Lys- 90α or Arg-92a masked. This change 
in conformation might also be the reason for the high oxygen affinity 
and the low cooperativity of des-Arg -hemoglobin. 
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INTRODUCTION 
The major part of the alkaline Bohr effect of human hemoglobin can be 
ascribed to a change in pK value of Val-la and His-146g upon ligation 
(1,2). In the deoxy or Τ structure of this protein these amino acids 
form salt bridges, which break upon the transition to the oxy or R 
structure. In deoxyhemoglobin an intrachain salt bridge exists between 
the imidazole group of His-146ß and the carboxyl group of Asp-94ß. The 
amino group of Val Ια forms a salt bridge with anions as chloride ions. 
The biding site for these anions is located between this group and the 
guanidino group of Arg 141α of the other α chain (3). 
The C-terminal residues Arg-141a and His-146ß can easily be removed by 
digestion with carboxypeptidases (4,5). Upon removal of these residues 
large changes are observed in both the ligand affinity and cooperativity; 
also the Bohr effect is strongly suppressed in these modified hemo-
globins (4-11). Since the Bohr effect is equal to the difference in the 
number of protons bound by the deoxy and oxy structures, a change in 
proton affinity upon modification of hemoglobin will not be observed 
measuring the Bohr effect if this change is identical for both ligation 
states. Therefore we present in this paper a study of the proton binding 
to ligated and unligated des-Arg -hemoglobin. The results are com-
pared with the data obtained for hemoglobin. This study is of particular 
interest since it is known from X-ray analysis that upon removal of 
Arg-141a the structure of hemoglobin is slightly altered. In the deoxy 
structure a new salt bridge is found between the C-terrainal Tyr-140a 
and an amino acid of the other α chain,probably Val-la(12) . Despite of 
this newly formed salt bridge, the Bohr effect of des-Arg -hemoglobin 
is half that of hemoglobin(6). This decrease has been interpreted as 
being due to a weakening of all salt bridges contributing to the Bohr 
effect. This interpretation imlicity assumed that only the structure of 
des-Arg -deoxyhemoglobin will show a proton affinity different from 
that of deoxyhemoglobin. It can de hypothesized, however, that due to 
the structural changes, observed in the oxy structure (12), ligated 
hemoglobin also changes its proton affinity upon removal of Arg-141a . 
The hydrogen ion titration studies presented in this paper confirm this 
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hypothesis. They show that the difference in proton affinity between 
modified and unmodified hemoglobin in the same state of ligation cannot 
be explained by the sole absence of Arg-141a. 
The magnitude of the Bohr effect, measured as the difference in number 
of protons bound by deoxy and carboxy forms of des-Arg -hemoglobin 
by either hydrogen ion titration or pH-stat experiments is in good 
agreement with the data reported by Kilmartin et al. (6). 
To answer the question whether Val-la still contributes to the Bohr 
effect in des-Arg -hemoglobin,we have measured its pK value in both 
the ligated and unligated state of des-Arg -hemoglobin. This is 
carried out by studying the pH-dependence of the rate of reaction of 
N ph-F with the α-mino group (14,15). In these experiments the inter­
fering reaction of the α-amino group of the β chains with N ph-F was 
prevented by blocking these groups with KCNO; this blocking does not 
induce a change in the quaternary structure (16) . For hemoglobin anormal pK 
change was found upon ligation (16) while no pK shift could be obser-
141rt 
ved for des-Arg -hemoglobin. This result indicates that the greater 
part of the decrease in Bohr effect observed for des-Arg "-hemoglobin 
is due to the fact that in des-Arg "-hemoglobin in Val-la does not 
function as an alkaline Bohr group. 
Upon addition of Ρ -inositol, which is known to stabalize the Τ struc­
ture, Kilmartin et al.(6) have observed a full restoration of the Bohr 
effect of des-Arg -hemoglobin.However.careful pH-stat studies presen-
141a 
ted in this paper show that for des-Arg -hemoglobin the Ρ -inositol 6 
induced Bohr effect is lower than for hemoglobin. This was confirmed by 
studying Ρ -inositol binding to hemoglobin and des-Arg "-hemoglobin 
b 
both in the ligated and unligated state at different pH values. 
MATERIALS AND METHODS 
Materials 
Human hemoglobin was prepared by the toluene method of Drabkin (17). 
The hemolysate was dialysed against distilled water. The separation of 
hemoglobin into the α and β s chains according to the method 
of Bucci and Fronticelli (18) was described earlier (19). 
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Carboxypetidase A and В and trypsin were obtained from Boehringer 
Mannheim and used without further purification. Ρ -inositol was pur-
6 
chased from BDH Chemicals Ltd. and also used without further 
purification. 
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 was prepared by incubation of
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 chains with 
carboxypeptidase B(l:2500) in barbital buffer (0.05 M.pH 7.9) for 3 
hours at 25 C. The digestion products were separated on a CM-C50 Sepha-
dex colomn using a linear gradient of 0.04 sodium phosphate (pH6.7) and 
0.15 M sodium phosphate (pH 6.7 ) . In the elution pattern four peaks 
are found (see Fig. 1 ) . Peak A showed carboxypeptidase В activity, and 
did not contain hemeprotein. The proteins of the other three peaks were 
homogeneous on thin layer electrofocusing (LKB ampholine PAG plates; pH 
range 3.5-9.5). The isoelectric pH value (pi) for the protein of peak D 
was equal to that of unreacted
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 chains. The pi values for the 
proteins from peak В and С were 0.6 and 0.3 pH unit lower than was found 
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Fig.l. Elution pattern recorded at 254 nm of the separation of the 
digestion products of the a-chains after incubation with 
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 m des-Arg -Туг -Lys -α and des-Arg -a . The protein of 
peak С was identified as des-Arg -a by tryptic digestion followed 
by a fingerprinting procedure. In the peptide map the C-terminal peptide 
Τ α14 was absent (20,21). Moreover, digestion at this protein with car-
o boxypeptidase A (1 500) in ammonium carbonate buffer (pH 8 0 35 C, 2 
hours) showed that Tyr-140a was still part of the chain. The amount of 
tyrosines released was measured according to the method of Chrastil (22). 
. 1 4 1 140 HgBzOH ,_ _, ^
 W i 
Des-Arg -Туг -α chains were obtained after incubation of 
141 HgBzOH des-Arg -a chains with carboxypeptidase A (1 500) in barbital 
о 141 140 
buffer (0.05 M, pH 7.8,25 C, 4 hours). At neutral pH des-Arg -Туг 
HgBzOH _, _, . 141 HgBzOH ^ , „^  
α and des-Arg -a have the same charge Therefore the same 
141 140 
chromatographic procedure was applied to seperate des-Arg -Tyr 
HgBzOH , , 141 „, 140
 T 139 HgBzOH , . , , , 
a from des-Arg -Tyr -Lys -α as used for the isolation 
. 1 4 1 HgBzOH „ ,_ ^
 J ^ _„ J . 141 m 140 HgBzOH of des-Arg -a .Combined digestion of des-Arg -Tyr -a 
with carboxypeptidase A and В followed by ammo acid analysis of the 
dialysate showed that Lys-139oc was still present while no appreciable 
amount of Tyr-140a could be detected. 
Before recombing modified a chains with β chains in stoichoimetric 
amounts the -SH groups were regenerated by 2-mercaptoethanol and 
dithiothreitol treatments as described by Rollema et al. (19). Des-
Arg -hemoglobin-IAcNH was prej-ed I 
Cys-938 with iodacetamide (Serva) (23). 
y by blocking the -SH group of 
141 
Preparation of α (Cbm-g) and (des-Arg -α) (Cbm-ß) 
The carbamylation of the α-amino group of the g chains was performed 
with a five fold excess of potassium cyanate (BDH Chemicals) in phos­
phate buffer (0.2 M, pH 6.0) for 1 hour at 25 C. The reaction products 
were separated on a DEAE-Sephadex column using a linear gradient of 
0.05 M Tns-HCl (pH7.8) and 0.05 M Tris-HCl (pH 7.0) with 0.05 M NaCl. 
The Cbm-ß fraction was identified by the hydrogen ion titration curve 
and showed no reactivity with N ph-F. The Cbm-f3 chains were treated with 
dithiothreitol before stoichiometrically mixing with α or des-Arg 
SH 141 
a chains yielding a (Cbm-3) and (des-Arg -α) (Cbm-ß) 
Δ ¿ 2 2 
respectively. 
All modified chains and recombmed protein were stored in liquid 
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nitrogen. Unmodified hemoglobin stored in this way did not show any 
change in functional behaviour as compared to freshly prepared hemo­
globin. 
Methods 
Fingerprinting was carried out by high voltage electrophoresis (Gilson 
model D) according to Baglioni (20) followed by descending chromato­
graphy as described by Clegg et al. (21). The maps were coloured with 
ninhydrine and with Pauly reagents (24). 
о 
The hydrogen ion titration curves were measured at 25 С with the auto­
matic titration equipment described by Janssen et al. (25). Before 
measuring sodium dithionite was added to the CO saturated hemoglobin 
samples to reduce the percentage of methemoglobin. Thereafter the 
samples were freed from salt by gel filtration on Sephadex G-25, fol­
lowed by passage through a mixed bed ion exchange column (Amberlite IRA 
141a 
400 and IR 120). The titration curves of des-Arg -hemoglobin were 
measured on both the deoxy and carboxy form according to the procedure 
of Rollema et al. (26). Hemoglobin concentrations were determined by 
о 
drying to constant weight at 110 C. At the end of these titration ex­
periments the percentage of methemoglobin was less than 5%. 
о 
The magnitude of the Bohr effect was measured at 25 С as described 
previously (13). The percentage of methemoglobin was less than 10% at 
the end of the experiments. 
The reaction of l-fluoro-2
>
4-dinitrobenzene with the a-NH group was 
followed spectrophotometrically using а Сагу 118 spectrophotometer. 
141 
For studies on the deoxy form of a (Cbm-ß) and (des-Arg -a) (Cbm-B)_ 
3 ml of a N ph-F stock solution containing 117 mM KCl was added to a 
tonometer to which a cuvette (optical pathway 2 mm) was attached. The 
solution was freed from oxygen by a stream of nitrogen. A concentrated 
141 
solution of α (Cbm-ß) or (des-Arg -o) (Cbm-3)„ was deoxygenated in 
2 2 2 л 
a second tonometer. 0.5 ml of this solution was injected in the first 
tonometer and the time course of the reaction was followed by measuring 
the change in absorbance at 353 nm (15). The reference cuvette with the 
same optical pathway was filled with a mixure of 3 ml N ph-F stock 
solution and 0.5 ml water. The experiments one the CO ligated form were 
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141 
carried out by mixing either α (Cbm-B), or (des-Arg -o) (Cbm-ß) 
and the N ph-F stock solution in a cuvette with an optical pathway of 
1 cm. 
The concentrations of N ph-F and protein were chosen in such a way that 
in 30 minutes about 20-30 % of the α-amino groups was blocked. The 
treatment of these kinetic data was the same as described by De Bruin 
and Bucci (15) using the following relation 
- V · "UT- = кн · p • F <» 









where dA/dt is the change in absorbance at 353 nm, I the optical path­
way, ε the molar absorption coefficient at 353 nm of the dinitrobenze-
ne-subtituted amino group of valine, Ρ the hemoglobin concentration per 
dlmer, F the N ph-F concentration, К the second order rate constant, ¿ H 
k the pH- independent part of it, К the dissociation constant of the 
NH group and [н ] the proton concentration. К can be estimated from a 
plot of 1/1^ , versus [H ] according to the equation: 
1 1 [H+] 
К k k К 




Proton binding by the α and des-Arg -a chains 
141 
The hydrogen ion titration curves of the a chain and the des-Arg -o 
chain are shown in Fig.2A. The difference between these curves (Fig. 
2B) amounts to about one charge unit over the whole titration range. 
From the titration data the differential titration curves (represen-
67 
ting the reciprocal of the buffer capacity) have been calculated 
(Fig. 2A). In these curves the position of the peak located at the al­
kaline side of the neutral region (Z ) is given by the relation (25) 
II lys arg COOH 
(3) 
in which η, , η represent the number of titratable lysyl and arginvl lys arg j j в j 
residues and π the number of free carboxyl groups. According to the 
amino acid composition (27) the value of Ζ is expected to be -1.0 for 
141 
the α chains and -2.0 for the des-Arg -a chains. The observed values 
are -1.3 and -2 3 respectively (Fig. 2A). The deviation of 0.3 charge 
unit is systematical in origin. These data show that the proton binding 
141 
behaviour of the des-Arg -a chains can fully be explained by the 
absence of Arg-141a 
90 
BO 
> Н 7П 
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Fig.2. (A) Hydrogen ion titration curves and differential titration 
SH 
. 141 SH . . . SH , „ 





(B) Difference in number of protons bound (ΔΖ ) between α 
. . . 141 SH 
and des-Arg -
a 
Ζ represents the mean proton charge. Heme concentration, 
0.3 raM, 0.1 M KCl, 250C. 
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P r o t o n b i n d i n g by d e s - A r g - h e m o g l o b i n 
From the d i f f e r e n t i a l t i t r a t i o n curves a value for Ζ of -14.0 i s 
observed for des-Arg -carboxyhemoglobin and of - 10.0 for carboxy-
hemoglobin (Fig. 3 ) . The same values for Ζ are found for the deoxy 
s t a t e of the p r o t e i n s (not shown). The removal of two a r g i n i n e s from 
hemoglobin i s expected to r e s u l t in a s h i f t of Ζ from -10 to -12 
(see Eqn. 3 ) . The observed s h i f t from -10 to -14 i n d i c a t e s t h a t a p a r t 
from the two Arg-141oi re s idues removed by d i g e s t i o n , two a d d i t i o n a l 
lysyl or arginyl res idues have become masked upon recombination of the 
141 des-Arg -a chain and the g chain. The p o s s i b l e unmasking of two c a r -
boxyl groups cannot served as an a l t e r n a t i v e explanat ion, for in hemo­
globin a l l carboxyl groups are t i t r a t a b l e (25) . The inf luence of de-
protonat ion of Туг-140оі or Cys-93ß on the value of Ζ can a l s o be 
ruled out s ince the hydrogen ion t i t r a t i o n curves of des-Arg a - T y r α 
F i g . 3 . D i f f e r e n t i a l t i t r a t i o n curves of des-Arg 141a carboxyhemoglobin 
(·) and carboxyhemoglobin (ο). Ζ represents the mean proton 
π 
charge. Heme concentration 0.6 mM; 0.1 M KCl; 250C. 
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141α 
hemoglobin and des-Arg -hemoglobin-IAcNH^ both in the carboxy form 
are identical to the curves of des-Arg -carboxyhemoglobin (results 
not shown). 
The difference titration curves of deoxyhemoglobin and des-Arg 
deoxyhemoglobin and of the CO ligated forms of the two proteins are 
shown in Fig. 4. Curve A represents the difference between the proton 
charge of carboxyhemoglobin (Z ) and that of des-Arg -carboxy-
AL H 
hemoglobin (Z ), curve В shows the difference in number of protons 
bound by deoxyhemoglobin (Z ) and des-Arg -deoxyhemoglobin (Z ). 
Η Η 
The difference in both curves of about four protons at high pH is in 
agreement with the difference m Ζ observed in the differential 
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Fig.4. Difference in number of protons bound (ΔΖ ) between carboxy­
hemoglobin and des-Arg -carboxyhemoglobin (A) and between 
deoxyhemoglobin and des-Arg -deoxyhemoglobin (Β), 
о 
Heme concentration, 0.6 mM; 0.1 M KCl, 25 С. Data presented are 
the average of at least four experiments, largest deviation is 
0.3 proton. Data for deoxyhemoglobin and carboxyhemoglobin are 
taken from Rollema et al. (26). Dashed line has been obtained 
by subtracting from curve В the difference in Bohr effect be­
tween hemoglobin and des-Arg -hemoglobin (from pH-stat data, 
Fig.7). 
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in des-Arg -hemoglobin two neutral groups are titratable, which are 
masked in hemoglobin. These groups are probably histidyl residues. 
That two histidyl groups have become titratable cannot directly be 
concluded from the shape of curve B. This is due to a difference in 
141a 
the Bohr effect of hemoglobin and of des-Arg -hemoglobin (see below). 
The number of Bohr protons released upon oxygenation can be calcu­
lated from the hydrogen ion titration curves. The results are shown in 
H HL A AL 
Fig.5 (dashed line Z„ - Z,, , dotted line Z„ - Z„ ). The number of 
Η π η η 
Bohr protons recorded by pH-stat method are given by solid lines. 
The Bohr effect of des-Arg -hemoglobin is about twice as low as that 
of hemoglobin, this is in accordance with the findings of Kilmartin et 
al. (6). The decrease in Bohr effect explains the difference in shape 
of the curves A and В in Fig.4. This can easily be shown by adjusting 
curve В for the diminished Bohr effect. For this purpose we used the 
pH-stat data shown in Fig.7. After adjustment, the dashed line was 
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Fig.5. Difference in number of protons bound (ΔΖ ) between des-
141° 141a 
Arg -deoxyhemoglobin and des-Arg -carboxyhemoglobin ( ) 
and between deoxyhemoglobin and carboxyhemoglobin (....) as 
calculated from the hydrogen ion titration curves. Drawn lines 
represent data obtained by the pH-stat method. 
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The pK D e t e r m i n a t i o n of t h e N - T e r m i n a l Ammo Group 
There are two poss ib le explanat ions for the reduct ion of the Bohr 
141a 
ef fect of des-Arg -hemoglobin. F i r s t , a l l s a l t br idges Involved in 
the Bohr e f fect may be weakened, as has been suggested by Kilmartin e t 
a l . ( 6 ) . Secondly, Val-la may not c o n t r i b u t e to the Bohr e f f e c t . To find 
out which of these two explanations i s most l i k e l y we have determined 
the pK value of the amino group of Val-la by following the r a t e of 
r e a c t i o n of N ph-F with the α-amino group (15) . 
F i g . 6 . The pH dependence of the r e a c t i o n of N ph-F with 
141 2 
(des-Arg -a)2(Cbm-e)2 (Δ,Α) and with a2(Cbm-ß)2(о,·). 
(A,*)Deoxy forms; (Д)о)сагЬоху forms. Heme concentration, 
0.08 mM, N ph-F concentration, ЗтМ, 0.1 M KCl; 250C. 
Concentrations are given after mixing. 1/K given in M.s. 
H 
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For deoxy-a„ (Cbm-ß) (Fig.6.) а рК value of 8.0 for the o-araino group 
of Val-la was calculated, which changed upon ligation to 7.25 (Table 1). 
These values are in good agreement with the data reported by Garner et 
al.(28) and Kilmartin et al.(l) using different techniques. For deoxy-
(des-Arg -a) (Cbm-ß) we measured a pK value of 7.6, which did not 
2 ^ 
change upon ligation. These results favour the second explanation, that 
141a 
Val-la is not involved in the Bohr effect of des-Arg -hemoglobin. 
TABLE 1 
The pK values for the α-amino group of Val-la and the pH-dependent 
second-order rate constants (k ) for the raction of N„ph-F with this 
ο Ζ 141 
group in α (Cbm-ß) and (des-Arg -a)„(Cbm-ß) . Conditions as in Fig. 
6. Values (± S.D.) are obtained from linear regression calculations. 
Hemoglobin Form pK k 
(M"1s"1) 
α (Cbm-ß) deoxy 8.0 + 0.1 0.19 ± 0.05 
carboxy 7.25 ± 0.05 0.065 ± 0.003 
(des-Arg141^) - deoxy 7.6 ±0.1 0.43 ±0.05 
(Cbm-ß)2 carboxy 7.6 ± 0.1 0.43 ± 0.05 
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B i n d i n g of I n o s i t o l H e x a k i s p h o s p h a t e 
The question has s t i l l to be answered whether Val-la takes part in a 
saltbridge upon binding of Ρ - i n o s i t o l , which i s known to s t a b i l i z e the 
6 
Τ structure. The answer can be obtained by measuring the Bohr effect of 
des-Arg -hemoglobin in the presence of Ρ -inositol The results are 
6 
shown in Fig.7. The data obtained on hemoglobin, given for comparison, 
are taken from Rollema et al. (19). This figure shows that in the pre­
sence of Ρ -inositol the alkaline Bohr effect of des-Arg -hemoglobin 
6 
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Fig.7. Bohr effect of des-Arg -hemoglobin and hemoglobin with and 
without Ρ -inositol. The data were obtained by the pH-stat method. 
(o,·) Data for des-Arg -hemoglobin without Ρ -inositol, 
141 
( Δ, A) data for des-Arg - hemoglobin with Ρ -inositol, open 
D 
and closed symbols refer to different experiments. Heme concen­
tration, О 8 mM, Ρ - inositol concentration 1.4.iiiM, 0.1.M KCl, 
о 
25 С. Bohr effect data for hemoglobin without (-.-.-) and with 
Ρ -inositol ( ) are taken from Rollema et al (19). 
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We did not find the full restoration of the Bohr effect as observed by 
Kilraartin et al. (6). Because of this discrepancy we have measured the 
141a 
proton uptake upon binding of Ρ -inositol to hemoglobin and des-Arg 
hemoglobin in both the ligated and unligated form. As is shown in Fig. 
8 there is only a very small difference in proton uptake on binding of 
Ρ -inositol to deoxyhemoglobin and des-Arg -deoxyheraoglobin at pH 
6 
7.0 while there is a rather large difference upon binding to carboxy-
heraoglobin and des-Arg -carboxyhemoglobin. These data fully explain 
why in the presence of Ρ -inositol at pH 7.0 a decrease in Bohr proton 
6
 141a 
release is observed for hemoglobin and an increase for des-Arg 
hemoglobin If salt bridges, responsible for the Bohr effect, are 
restored upon addition of Ρ -inositol to des-Arg -deoxyhemoglobin, 
6 
Fig.8. Proton uptake per tetramer upon binding of Ρ -inositol to 
6 
des-Arg -hemoglobin (Δ,Α) and hemoglobin (o,·) at pH 7.0 
(A,·) Deoxy forms, (Δ,ο) carboxy forms, η is the molar ratio 




we should have observed a larger proton uptake upon binding of Ρ -
141α 6 
inositol to des-Arg -deoxyhemoglobin than to deoxyheraoglobin. This 
has not been observed, either at pH 7 or at higher pH values (see 
Table 2). 
DISCUSSION 
The kinetic study of the pH dependent reaction of N ph-F with the 
¿
 141 
a-amino group of Val Ια in both α (Cbm-ß) and (des-Arg -a) (Cbin-f3)2 
141 
shows that in (des-Arg -a) (Cbm-B)_ the pK of this group does not 
change upon ligation. A pK change of 0.7 for this group is observed in 
α (Cbni-B)9which is consistent with its identity as an alkaline Bohr group 
(16,28). These kinetic data indicate that the suppression of the Bohr 
TABLE 2 
Number of protons taken up per tetramer upon binding of Ρ -inositol 
141 
to hemoglobin and des-Arg -hemoglobin at a molar ratio of 
Ρ -inositol to protein in tetramer of 3. 6 
Conditions: 0.1 M KCl; 250C. 
Hb form pH Proton uptake by 
Hb des-Arg141a-Hb 
Deoxy 7.0 2.3 2.3 
7.4 2.5 2.1 
8.0 2.0 0.8 
Carboxy 7.0 2.8 2.3 
7.4 1.4 0.8 
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effect as observed for des-Arg -hemoglobin is for the greater part 
due to the fact that in this modified protein Val-la does not behave as 
a Bohr group. This implies that in solution the salt bridge formed be­
tween Val-la and the newly exposed Tyr-140ct (12) is either absent or 
very weak. 
For deoxyhemoglobin the pH independent rate constant к appears to be 
о 
larger than for carboxyhemoglobin. A similar result has been reported 
by Garner et al. (28) and Nigen et al. (29) studying the kinetics of 
carbamylation of Val-la. A large increase in к is observed in hemo­
globin upon removal of Агв-141а. 
In earlier reports (26,30) we have presented strong evidence that part 
of the alkaline Bohr effect arises from a difference in interaction of 
chloride ions with deoxyhemoglobin and carboxyhemoglobin. Recently 
Chiancone et al. (31) have shown that, in contrast to hemoglobin, 
ligated and unligated des-Arg -hemoglobin do not differ in their 
interaction with chloride ions. These results, and the observation that 
141a 
upon ligation the pK value of Val-la does not change in des-Arg 
hemoglobin, suggest that in deoxyhemoglobin Val-la interacts specifi­
cally with chloride ions. This fits in with the observation of Amone 
et al. (3) that in deoxyhemoglobin a chloride ion is bound between the 
amino group of Val-la and the guanidino group of Arg-141a . Therefore 
removal of the latter residue by digestion destroys this particular 
chloride ion binding site and cancels simultaneously the role of Val­
la as an alkaline Bohr group. 
The proton uptake accompanying the binding of Ρ -inositol to des-
141 
Arg -carboxyhemoglobin is smaller than observed for carboxyhemoglobin 
(Fig. 8, Table 2). This suggests different conformations of the Ρ -inosi-
6 
tol binding site in the ligated state of the two macromolecules. Upon 
binding of Ρ -inositol to unligated hemoglobin and des-Arg -hemo-
b 
globin no difference in proton uptake could be observed at pH 7.0, 
while at higher pH values the effect of the binding shows a larger 
decrease for des-Arg -hemoglobin than for hemoglobin. This obser­
vation probably reflects a destabilization of the Τ quaternary struc 
ture of des-Arg -deoxyhemoglobin above pH 7.0 as has been observe 
by Ogawa et al. (32). 
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The hydrogen ion titration data (Fig.3 and 4)show that four groups 
which titrate with a high pK in hemoglobin are absent or masked in des-
Arg -hemoglobin. Two of them are the arginyl residues removed by 
digestion. The other two could be tyrosyl or cysteinyl residues whose 
pK values are abnormally lowered so that they are deprotonated at pH 
141a 9.0 in des-Arg -hemoglobin. If this was the case, the most likely 
amino acids are the newly exposed Tyr-140a or Cys-936. The titration 
curves of iodacetamide-blocked des-Arg -hemoglobin and of des-
141α 140a 
Arg -Туг -hemoglobin are, however, identical to the curve of des-
Arg -hemoglobin, so this possibility can be excluded. Therefore we 
conclude that two lysyl or arginyl residues become masked in des-
A 141a 
Arg -hemoglobin. 
Fig.4 shows that in the neutral pH region two groups are titratable 
in des-Arg -hemoglobin which are masked in hemoglobin. The only 
groups masked in hemoglobin which titrate in the neutral pH region 
when exposed to the solvent, are imidazole groups (25,33). We conclude 
therefore that the groups which have become titratable in des-Arg 
hemoglobin are imidazole groups. It has to be stressed here that the 
141 
separate des-Arg -a chain titrates as expected, so that the abnormal 
titration behaviour of des-Arg -hemoglobin is clearly an effect 
induced by assembling the single chains. It must be noted that the 
proton binding behaviour of hemoglobin prepared by subunit recombina­
tion is identical to that of native hemoglobin (19). 
The observed masking and unmasking of groups in des-Arg -hemoglobin 
must be caused by a change in structure of hemoglobin occuring upon 
removal of Arg-141a. It is reasonable to assume that such a structural 
change is likely to occur in non-helical rather than in helical parts 
of a polypeptide chain. The FG region of the α chain is the only non-
helical part in this chain containing both a lysyl or arginyl and a 
histidyl residue. Moreover, from X-ray analysis it is known that the 
C-terminal part of the α chain is in close contact with the FG region 
of the same chain. At the contact area Tyr-140a forms hydrogen bounds 
with Val-93a (FG5) and Ala 88a (F9) the last amino acid of the F 
helix (34). It is interesting that in preliminary experiments, we found 
that hemoglobin from which His-146B was removed by digestion with 
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carboxypeptidase (6) showed similar hydrogen ion titration behaviour 
as des-Arg -hemoglobin. Also here we observed upon removal of His-
146B the masking of two lysyl or arginyl residues and the unmasking of 
two histidyl residues. In this respect it is striking that the FG 
region of the β chain is also the only non-helical part where both a 
lysyl and histidyl residue are located. 
Based on these considerations we think that is justified to say that 
our hydrogen ion titration data strongly suggest that His-89a (FG1) 
which is masked in hemoglobin, becomes titratable in des-Arg -hemo­
globin and that either Lys-90a (FG2) or Arg-92a (FG4) becomes masked in 
des-Arg -hemoglobin. The high oxygen affinity of des-Arg -hemo­
globin and the low cooperativity of its ligand binding (4-6) is in 
accordance with this interpretation, since mutant hemoglobins with an 
amino acid replacement in the FG region, like the hemoglobins Capetown 
92a 92a 
((Gin )-hemoglobin), Cheseapeake ((Leu )-hemoglobin) and Malmö 
97R (( Gin )-hemoglobin) (35,36), show similar abnormal ligand-binding 
behaviour. 
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C H A P T E R 5 
THE pH-DEPENDENCE OF THE BINDING OF 
D-GLYCERATE-2 , Э-ВISPHOSPHATE TO 
DEOXY- AND OXYHEMOGLOBIN 
DETERMINATION OF THE NUMBER OF BINDING SITES IN OXYHEMOGLOBIN 
G.G.M. van Beek and S.H. de B r u i n 
D e p a r t m e n t of B i o p h y s i c a l C h e m i s t r y 
U n i v e r s i t y of Ni jmegen, T o e r n o o i v e l d , Nijmegen 
The N e t h e r l a n d s 
SUMMARY : The number of Bohr p r o t o n s r e l e a s e d upon o x y g e n a t i o n h a s 
been measured o v e r a l a r g e r a n g e of human hemoglob in c o n c e n t r a t i o n s 
( 0 . 0 2 t o 4 . 5 mM) i n t h e p r e s e n c e of e q u i m o l a r amounts of D - g l y c e r a t e -
2 , 3 - b i s p h o s p h a t e . From t h e s e d a t a t h e a s s o c i a t i o n c o n s t a n t s f o r t h e 
b i n d i n g of t h i s o r g a n i c p h o s p h a t e t o deoxy- and oxyhemoglobin were 
c a l c u l a t e d a t d i f f e r e n t pH v a l u e s . The maximum number of p r o t o n s a b ­
s o r b e d upon b i n d i n g t o oxyhemoglobin was d e t e r m i n e d as w e l l . The 
maximum number of p r o t o n s bound t o deoxyhemoglobin upon b i n d i n g of 
D - g l y c e r a t e - 2 , 3 - b i s p h o s p h a t e was measured i n d e p e n d e n t l y . 
From t h e pH-dependence of t h e a s s o c i a t i o n c o n s t a n t s and t h e maximum 
number of p r o t o n s a b s o r b e d i t c o u l d be c o n c l u d e d t h a t o n l y one D-gly­
c e r a t e - 2 , 3 - b i s p h o s p h a t e m o l e c u l e i s bound p e r hemoglobin t e t r a m e r b o t h 
i n t h e l i g a t e d and u n l i g a t e d form. 
INTRODUCTION 
The r o l e of o r g a n i c p h o s p h a t e s i n t h e r e g u l a t i o n of oxygen b i n d i n g by 
human hemoglobin h a s been e x t e n s i v e l y s t u d i e d . From t h e s e s t u d i e s i t 
i s known t h a t D - g l y c e r a t e - 2 , ß - P has a s t r o n g e f f e c t on b o t h t h e oxygen 
a f f i n i t y of hemoglob in ( 1 - 3 ) and on t h e pH-dependence of t h e oxygen 
a f f i n i t y ( 4 - 7 ) , known as t h e Bohr e f f e c t . At n e u t r a l pH t h e oxygen 
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pressure at half saturation measured in the presence of the effector is 
larger than in its absence (2,3). In agreement with this observation 
binding studies have shown that deoxyhemoglobin binds D-glycerate-2,3-
P more tightly than oxyhemoglobin (8-11). The binding site of this 
organic phosphate in deoxyhemoglobin is located on the dyad axis at the 
entrance of the central cavity between the two β chains (12). On the 
other hand the number and identity of the binding sites in oxyhemo­
globin is still a matter of discussion. This is caused by the rather 
weak binding of D-glycerate-2,3-P to oxyhemoglobin, as a result of 
which saturation can only be achieved at very high D-glycerate-2,3-P 
concentrations. Under these conditions conventional methods to study 
binding, e.g. equilibrium dialysis, are unadequate. 
Recently we have shown that above pH 6 binding of D-glycerate-2,3-P 
to both deoxy- and oxyhemoglobin is accompanied by proton absorption 
(7,11). These results explain the observations made in studying the 
Bohr proton release in the presence of D-glycerate-2,3-P .In proceeding 
from low to high concentrations of this organic phosphate we observed 
first an increase in the number of Bohr protons released as a result of 
binding of D-glycerate-2,3-P to deoxyhemoglobin followed by a decrease 
in that number at high concentrations due to binding of this organic 
phosphate to oxyhemoglobin (11). These results showed that a study of 
Bohr proton release in the presence of D-glycerate-2,3-P is an adequate 
approach to investigate the binding of this effector to both deoxy-
and oxyhemoglobin. Earlier experiments were carried out at rather 
low hemoglobin concentrations (approximately 0.2 mM in tetramer) and 
were not analysed quantitatively. 
In this paper we have extended our investigation to very high protein 
concentrations (up to 4.5 mM). The data are analysed using a Langmuir 
binding model. This analysis results in an evaluation of the binding 
constants for both deoxy- and oxyhemoglobin at different pH values and 
at two temperatures. From the pH-dependence of the binding constants 
and the maximum proton uptake upon binding of D-glycerate-2,3-P to 
deoxy- and oxyhemoglobin, a binding stoichiometry of unity can be 
inferred for the binding to ligated and unligated hemoglobin. 
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MATERIALS AND METHODS 
Materials 
Hemoglobin was isolated by sonification of washed human erytocytes. 
Cell wall material was removed by addition of an equal amount of toluene 
(13), followed by centrifugation. The supernatant, containing hemoglobin 
at a concentration of about 4.5 mM in tetramer, was dialysed against 
distilled water and freed from D-glycerate-2,3-P by subsequent passage 
through a mixed ion-exchange column (Amberlite IRA 400 and IR 120). 
By this method hemoglobin solutions of about 3 mM were obtained. Solu-
tions of lower hemoglobin concentration were prepared by dilution with 
distilled water. The final solutions were adjusted to 0.1 M KCl. For 
measurements at very high hemoglobin concentrations the supernatant was 
used without further purification. From the observation that the Bohr 
effect of the supernatant was equal to the Bohr effect of stripped 
hemoglobin, it was concluded that the supernatant did not contain 
organic phosphates. The supernatant contained 0.15 M NaCl due to washing 
with physiological salt solution. 
D-glycerate-2,3-P (Boehringer, Mannheim) was converted into the acid 
form by passage through Amberlite IR 120 and was subsequently neutra-
lized with NaOH. 
Methods 
The number of Bohr protons released upon oxygenation of hemoglobin with 
and without D-glycerate-2,3-P was measured by pH-stat techniques as 
described previously (7). Bohr experiments in the presence of organic 
phosphate were carried out with equimolar amounts of hemoglobin and 
D-glycerate-2,3-P . 
The maximum number of protons observed upon binding of D-glycerate-2,3-
P to deoxyhemoglobin was measured as described before (14). 
Oxygen binding equilibria were measured spectrophotometrically using a 
rotating tonometer to which a cuvette was attached with an optical 
pathway of 2 mm. Purified oxygen was added in small amounts to this 
tonometer (volume 140 ml) by injection using normal syringes. The 
experiments were carried out in 0.1 M Bistris and 0.1 M CI at a heme 
concentration of about 400 yM. Spectra were recorded on a Cary 118 
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spectrophotometer. 
Analysis of the data 
As mentioned above, the additional Bohr effect (i.e.the Bohr effect in 
the presence of D-glycerate-2,3-P minus the Bohr effect in the absence) 
is due to a difference in binding of D-glycerate-2,3-P to deoxy- and 
oxyhemoglobin. Above pH 6 the binding is accompanied with proton ab­
sorption. We denote the proton uptake occunng upon binding of D-gly­
cerate-2, 3-P to deoxy- and oxyhemoglobin by Ζ and Ζ respectively and 
the maximum proton uptake in these cases by Ζ and Ζ . For y and y , 
the degree of saturation of deoxy- and oxyhemoglobin with D-glycerate-
2,3-P , we can write: 






The additional D-glycerate-2,3-P induced release of Bohr protons, 
ΛΖ is related to Ζ and Ζ by: 
add d о 
ΔΖ = Ζ - Ζ (2) 
add d о 
Assuming that the D-glycerate-2,3-P binding sites are independent and 
identical, we have for у and у the following binding equations: 
d о 
к Ρ к Ρ 
у = (За) and у = (ЗЬ) 
1 + к Ρ 0 1 + к Ρ 
d о 
where к and к are the association constants for the binding of d о 
D-glycerate-2,3-P to deoxy- and oxyhemoglobin and Ρ the concentration 
of free D-glycerate-2,3-P . In Eqn За Ρ can be replaced by: 
and in Eqn 3b by: 
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P t - y d . H b t (4a) 
P t - y o . Hb t (4b) 
where Ρ represents the total D-glycerate-2,3-P concentration and 
t 2 
Hb the total hemoglobin concentration. Combining the above Eqns we 
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Using experimental data for ΔΖ
 J j and Ζ . we evaluated the para-add d 
m 
meters к , к and Ζ through iteration. To this end we used a non-d о о 
linear least square minimization program MINUIT (CERN, Genève).The 
calculations were carried out on a IBM 360/158 computer. The computer 
calculations were subjected to the restriction that all parameters vary 
monotonously with pH. The difference between calculated and experimen-
tal data were in most cases less than 0.1 proton, which is well within 
the accuracy of the experiments. 
RESULTS 
In Fig.l the release of the number of Bohr protons measured at 37 0C 
is plotted as function of pH. Curve A represents the results obtained 
without D-glycerate-2,3-P at two hemoglobin concentrations. Within 
the experimental error the data fall on the same curve, showing that 
even at high hemoglobin concentrations intermolecular interactions do 
not alter functional behaviour. 
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Curve В shows the Bohr effect measured in the presence of D-glycerate-
2,3-P at a protein concentration of 4.5 mM, while curve С shows data 
obtained at a hemoglobin concentration of 0.3 mM. In the experiments 
with D-glycerate-2,3-P , hemoglobin and this effector were present in 
equimolar amounts, as occurs in the red blood cells (15). Comparison 
of curves В and С points out that at increasing hemoglobin concentra­
tion ΔΖ does not show a monotonously increase only, indicating that 
D-glycerate-2,3-P also binds to oxyhemoglobin. This is more clearly 
demonstrated in Fig. 2 where ΔΖ _, . measured at 37 0C has been plotted 
add r 
versus log Hb at different pH values. The shape of the curves measured 
at pH 6.8, 7.4 and 7.7 can be interpreted as follows. Proceeding from 
low to high hemoglobin concentrations first an increase in ΔΖ is 
add 
observed due to an increase in the degree of complex formation 
between deoxyhemoglobin and D-glycerate-2,3-P .In this concentration 
Fig.l. Bohr effect of human hemoglobin in the absence (Δ,Α) and 
presence of D-glycerate-2,3-P2 (0,·) at 37
 0C. Curve A: Bohr 
effect in the absence of organic phosphate. Curve В and C: 
Bohr effect in the presence of equimolar amounts of D-glycerate 
-2,3-P^. Hemoglobin concentrations (in tetramer): 0.015 mM (Д), 
0.3 aM (0), 1.6 mM (4) and 4.5 mM (·). 
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region the degree of binding of D-glycerate-2,3-P to oxyhemoglobin is 
still very small. At high concentration deoxyhemoglobin becomes satur­
ated with D-glycerate-2,3-P while the binding to oxyhemoglobin becomes 
significant. As a result a decrease in ΔΖ is observed. This decrease 
add 
is absent in the curve at pH 8.5. At this pH the binding of D-glycerate-
2,3-P to oxyhemoglobin remains small even at high protein concentration. 
On the other hand at pH 6.4 a decrease in ΔΖ is already observed 
add J 
at rather low hemoglobin concentration due to an increase in the value 
for к . At pH 5.6 ΛΖ , , is constant. This can only be true if ΔΖ = 
о add J add 
m m 
Ζ - Ζ ; this result shows that at pH 5.6 k, and к are so large that d o d o 
both deoxy- and oxyhemoglobin are completely saturated with D-glycerate-
2,3-P even at low concentrations. In Fig. 2 the pK values of the dif­
ferent transition regions are indicated by arrows. 
2 log [Hb]t 
Fig. 2. Additional Bohr effect (ΔΖ _,_,) induced upon binding of D-glv-
add " ъ •' 
cerate-2,3-P to hemoglobin as function of the tetramer con­
centration at different pH values. Hemoglobin and D- glycerate-
2,3-P concentrations were kept equal. 




к and к are the association constants for the binding of D-glycerate-
2>3~P2 t o d e o x y - and oxyhemoglobin respectively. The maximum number of 
protons involved in binding of D-glycerate-2,3-P is denoted by 2 Ш and 
„m
 2 d 
о binding to deoxy- and oxyhemoglobin respectively. Values between 
parentheses cannot be obtained with sufficient accuracy. 
рн k. z™ к z m 
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Fig. 3 shows the effect of a change in temperature on ΔΖ at two 
add 
different pH values. The curves at constant pH merely shift indicating 
that к and к equally depend on temperature so that the change in 
enthalpy upon binding of D-glycerate-2,3-P to deoxyhemoglobin ( Δ Η ) 
Δ α 
differs not much from the change in enthalpy of binding to oxyhemo­
globin (ΔΗ ). The experimental data for ΔΖ , can be fitted to Eqn 5 
о add 
by iteration. The values obtained for к., к and Ζ by this procedure 
d o о 
have been listed in Table 1. The values for Z. were measured 
d 
independently and are also listed in Table 1. The observed increase in 
both к and к upon a decrease in pH must be a result of binding to 
groups with a neutral pK value. This becomes also apparent from Fig.4 





Fig. 3. Additional Bohr effect (ΔΖ ..) as function of the hemoglobin 
add 
concentration (in tetraraer) at two temperatures (Ο,Δ: 25 "с; 
t.A: 35 C) and two pH values (0,t: 7.4; Δ,Α: 6.4). Hemoglo­
bin and D-glycerate-2,3-P concentrations were kept equal. 
Curves measured at different pH values are not shown to avoid 
o-vercrowding of the figure. 
91 
neutral pH region. The small proton release observed below pH 6 is 
probably caused by second deprotonation of the phosphate groups of 
D-glycerate-2,3-P upon binding to deoxyhemoglobin. 
In Fig. 5 the values obtained for к , and к are plotted versus pH. The 
α о 
solid lines were calculated by integration of the data shown in Fig. 4 








Fig, 4. Maximum number of protons absorbed upon binding of D-glycerate-
2,3-P to deoxy- (Δ,Α) and oxyhemoglobin (0,·). 
Filled symbols: 25 C; open symbols' 37 C. Solid lines are 
smooth curves drawn through the calculated points. 
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where η and η represent the number of binding sites in deoxy- and d о 
oxyhemoglobin. Equations 6a and 6b can be derived easily by applying 
Wyman's theory of linked functions (16). Only when η and η were taken 
d о 
equal to unity, the curves shown in Fig. 5 could be fitted well to the 
data obtained by the iterative procedure. This result indicates that 
oxyhemoglobin just like deoxyhemoglobin binds only one single D-gly-
cerate-2,3-P molecule. 
Table 2 shows values for ulog ρ measured at pH 5.6 and 7.2, induced 
upon addition of D-glycerate-2,3-P . At pH 5.6 the values for Alog ρ 
are smaller than at neutral pH, which is due to the fact that the 
difference between к and к is less at low pH than at neutral pH. d о 
Fig. 5, Association constants for the binding of D-glycerate-2,3-P 
to deoxy- (Δ,Α) and oxyhemoglobin (0,·). 
Filled symbols: 25 C; open symbols: 37 C. Solid lines were 
calculated according to the equations 6a and 6b; values for 
Ζ and Ζ were taken from Fig. 4. d o β· · 
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DISCUSSION 
The investigation of the release of Bohr protons in the presence of 
D-glycerate-2,3-P proves to be a powerful tool in determining the 
association constants for the binding of D-glycerate-2,3-P to deoxy-
and oxyhemoglobin at different pH values. The values for к and к 
d о 
о о 
calculated at 37 С and 25 С are in close agreement with results 
obtained by other techniques ( 10,17,18). 
Fig. 5 shows that at physiological pH к is much smaller than k. 
o d 
while the difference in magnitude tends to vanish at low pH; at pH 5.6 
к is almost as large as k . This explains why at this pH ΔΖ . . is 
o d add 
independent of the total amount of D-glycerate-2,3-P and hemoglobin 
in the concentration range studied (Fig. 2), and that hardly any effect 
of the total effector concentration on Alog ρ is observed (Table 2), 
while A Z
a d d and Alog ρ are strongly affected by D-glycerate-2,3- Ρ 
at neutral pH. 
TABLE 2 
Change in log ρ values, induced upon addition of D-glycerate-2,3-P , 
50 ¿ 
measured at pH 5.6 and 7.2. η is the molar ratio of D-glycerate-2,3-P 
to protein in tetramer. Heme concentration 0.4 mM; 0.1 M Bistris; CI 
о 
concentration 0.1 M; 25 С 
pH Alog p 5 0 
10 
5.6 0.22 0.20 
7.2 0.35 0.44 
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The stoichiometry of binding of D-glycerate-2,3-P to both deoxy- and 
oxyhemoglobin is equal to unity, which indicates that also in oxyhemo­
globin the binding site must be located on the dyad axis which runs 
through the central cavity. At low pH deoxy- and oxyhemoglobin show 
equal affinity to D-glycerate-2,3-P . This strongly suggests that at 
this pH value in oxyhemoglobin and in deoxyhemoglobin the same number of 
positively charged groups are involved in binding. Combining these 
observations, the conclusion seems to be justified that in deoxy- and 
oxyhemoglobin D-glycerate-2,3-P binds at the entrance of the central 
cavity between the β chains (12). The above conclusion is in full 
agreement with the observation that chicken oxyhemoglobin as well binds 
only one single D-glycerate-2,3-P molecule (14). 
That the same residues in both human deoxy- and oxyhemoglobin form the 
binding site for D-glycerate-2,3-P deserves some comment. In the 
absence of D-glycerate-2,3-P these residues supposedly have the same 
pK values in both deoxy- and oxyhemoglobin; otherwise, they would 
contribute to the Bohr effect in the absence of organic phosphate. It 
will be clear that if these residues show the same pK shift upon bin­
ding of D-glycerate-2,3-P„, the curves for Z. and Ζ are expected to 
2 d o 
be identical. Obviously this is not observed (Fig. 4), therefore we 
have to conclude that although both in deoxy- and oxyhemoglobin groups 
in the central cavity are involved in the binding of D-glycerate-2,3-
P the way this effector is bound to those groups in both states of 
ligation is likely to be different; as a result those groups are dif­
ferently affected by binding of D-glycerate-2,3-P . 
The change in enthalpy of binding of D-glycerate-2,3-P„ (AHj and ΔΗ ) 
¿ а о 
is a complex function of (i) the heat of protonation of the groups on 
the protein involved in binding; (ii) the heat of deprotonation of the 
two phosphate groups of D-glycerate-2,3-P ; (iii) the intrinsic heat of 
binding of the negatively charged effector to the protonated groups on 
the protein. Although the second contribution will be rather small it 
is not possible to unravel straightforwardly these different contribu­
tions from a study of the temperature dependence of к and к only. 
d о 
Fig. 3 shows however, unambiguously that the shift in pk. and pk 
d о 
upon a change in temperature is equal. So, according to our data ΔΗ. 
d 
and ΔΗ must be of the same order of magnitude. From the к , values 
o d 
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4 listed in Table 1 we calculated for ΔΗ. a mean value of about -4,2 χ 10 
d 
Joules/mole at neutral pH, which is in close agreement with values 
4 
obtained by other techniques (10,18,19). The value of -6.3 χ 10 Joules/ 
4 
mole, is estimated for ΛΗ at neutral pH and is about 4.0 χ 10 Joules/ 
mole larger than reported by others (10,18,19). However, a low value 
for ΔΗ is rather unlikely, because in deoxy- and oxyhemoglobin a 
о 
same number of groups is participating in binding of D-glycerate-2,3-
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SUMMARY 
This thesis describes the influence of small anions and organic phos­
phates on the Bohr effect of human hemoglobin. The Bohr effect is 
known as the pH dependence of the oxygen affinity. It is directly cor­
related to the difference in proton affinity between deoxy- and oxyhemo­
globin. This thesis is mainly dealing with this difference in proton 
affinity. 
In the introductory chapter the structure and function of hemoglobin 
are briefly reviewed, including the present views regarding the mole­
cular basis of the Bohr effect. 
In chapter 2 a model is presented able to describe quantitatively 
the influence of chloride ions on the Bohr effect. Applying this model 
to the experimental data shows that the Bohr effect consists of a 
chloride dependent and a chloride independent part. The latter appears 
to be due to a pK shift of the imidazole groups of the two His 146g 
residues upon oxygenation of deoxyhemoglobin. Furthermore it is inferred 
that deoxy- and oxyhemoglobin contain only two "oxygen linked" chloride 
ion binding sites. The binding sites in deoxyhemoglobin are formed by 
Val laj and Arg 141α2 and by Val la2 and Arg 141αj. 
Chapter 3 shows among other things the results of a study on the tem­
perature dependence of the Bohr effect. Evidence is presented that in 
oxyhemoglobin only imidazole groups are part of the oxygen linked 
chloride ion binding sites. By measuring the pK values of the terminal 
amino groups at different chloride ion concentrations the role of Val 
Ια in chloride ion binding to deoxyhemoglobin is demonstrated. A study 
of the Bohr effect measured in the presence of chloride, bromide or 
iodide shows that the affinity of these anions follow the lyotropic 
or Hofmeister series, indicating that interactions with non-polar 
residues are important in anion binding. 
Chapter 4 presents a study of the effect of enzymatic removal of the 
C-terminal Arg 141α on the proton affinity of hemoglobin. The results 
indicate that it is not allowed to assign changes in functional behaviour, 
induced by this type of modification, to the mere absence of the C-ter-
mlnal residues. 
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It is known that D-glycerate-2,3-bisphosphate has a large influence on 
the Bohr effect. The change in Bohr effect due to the interaction of 
this organic phosphate is called the additional, D-glycerate-2,3-bis-
phosphate induced, Bohr effect. In chapter 5 this additional effect is 
measured at different hemoglobin concentrations in the presence of 
equiraolar amounts of this organic phosphate. From these data the asso-
ciation constants for the binding of this organic phosphate to deoxy-
and oxyhemoglobin have been determined. From the pH dependence of these 
constants information is obtained on the number of binding sites of 
D-glycerate-2,3-bisphosphate. The results show that both in deoxy- and 
oxyhemoglobin only one binding site exists. 
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SAMENVATTING 
In dit proefschrift wordt de invloed van kleine anionen en organische 
fosfaten op het Bohr effekt van menselijk hemoglobine beschreven. 
Onder het Bohr effekt wordt de pH afhankelijkheid van de zuurstof 
affiniteit verstaan. Deze is rechtstreeks gekorrelecrd aan het verschil 
in proton affiniteit tussen deoxy- en oxyhemoglobine. Dit verschil in 
proton affiniteit is het voornaamste onderwerp van studie in dit proef­
schrift. 
In het inleidende hoofdstuk worden de struktuur en funktie van hemo­
globine in grote lijnen aangeduid. Tevens wordt een beeld geschetst 
van de huidige inzichten met betrekking tot het molekulaire mechanisme 
van het Bohr effekt. 
In het tweede hoofdstuk wordt een model beschreven dat in staat blijkt 
om de invloed van chloride ionen op het Bohr effekt kwantitatief te 
beschrijven. Uit de analyse van de experimentele gegevens blijkt,dat 
het Bohr effekt van menselijk hemoglobine bestaat uit een chloride 
afhankelijk en chloride onafhankelijk gedeelte. Het laatste kan worden 
toegeschreven aan de pK verandering van de imidazool groepen van de 
Hls 146g residuen ten gevolge van oxygenatie van deoxyhemoglobine. 
Tevens wordt aangetoond,dat in deoxy- en oxyhemoglobine slechts twee 
"oxygen-linked" chloride bindings plaatsen aanwezig zijn. De bindings 
plaatsen in deoxyhemoglobine worden gevormd door Val laj en Arg 141oi2 
en door Val Іаг e n A rg 141oi . 
In het derde hoofdstuk worden deze bindings plaatsen in deoxy- en oxy­
hemoglobine nader gekarakteriseerd. Onder andere via een studie van de 
temperatuurs afhankelijkheid van het Bohr effekt. Aangetoond wordt , 
dat uitsluitend imidazoolgroepen deel uitmaken van de chloride bindings-
plaatsen in oxyhemoglobine. Uit metingen van de pK waarden van de 
terminale aminogroepen bij verschillende chloride concentraties blijkt 
het mogelijk te zijn de rol.die Val la in de binding van chloride ionen 
aan deoxyhemoglobine speelt,aan te tonen. Uit metingen van het Bohr 
effekt in aanwezigheid van chloride, bromide of jodide blijkt dat de 
affiniteit van deze anionen voor hemoglobine de lyotrope of Hofmeister 
serie volgen. Uit deze waarneming wordt gekonkludeerd,dat niet polaire 
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residuen betrokken zijn bij de binding van anionen aan hemoglobine. 
Het vierde hoofdstuk presenteert een studie over de invloed die enzy­
matische verwijdering van het C-terminale aminozuur Arg 141α heeft op 
de proton bindende eigenschappen van hemoglobine. Uit deze studies 
blijkt, dat verandering,die men meet in de funktionele eigenschappen van 
enzymatisch gemodificeerd hemoglobine, niet uitsluitend toegeschreven 
mogen worden aan lokale struktuurverandenngen ter plaatse van het 
verwijderde aminozuur. 
In ons laboratorium is gevonden dat,D-glyceraat-2,3-bisfosfaat een grote 
invloed heeft op het Bohr effekt. De verandering van het Bohr effekt 
onder invloed van dit organische fosfaat wordt het additionele, D-gly­
ceraat-2, 3-bisfosf aat geïnduceerde,Bohr effekt genoemd. In hoofdstuk 5 
wordt dit additionele effekt bestudeerd als funktie van de hemoglobine 
concentratie in aanwezigheid van cquiraolaire hoeveelheden D-glyceraat-
2,3-bisfosfaat. Uit deze gegevens worden de associatiekonstanten voor 
de binding van dit organisch fosfaat aan deoxy- en oxyhemoglobine 
bepaald. Uit de pH afhankelijkheid van deze konstanten kan informatie 
worden verkregen omtrent het aantal bindingsplaatsen voor dit organisch 
fosfaat. Er blijkt slechts een bindingsplaats voor D-glyceraat-2,3-
bisfosfaat aanwezig te zijn in zowel deoxy- als oxyhemoglobine. 
101 
CURRICULUM VITAE 
4 juni 1949 geboren te Bussum 
juni 1968 eindexamen HBS-B aan het St.Vituscollege te 
Bussum 
september 1968 aanvang van de scheikunde studie aan de 
Technische Hogeschool te Eindhoven 
juni 1971 kandidaats examen scheikundig ingenieur THE 
juni 1973 - hoofdvak Biochemie bij de afdeling Enzymologie 
november 1974 van het Laboratorium voor Biochemie van de 
Universiteit van Arasterdam 
februari 1975 doctoraal examen scheikundig ingenieur THE 
1 februari 1975 - wetenschappelijk medewerker bij de afdeling 
1 juni 1979 Biofysische Chemie van de faculteit der Wiskunde 
en Natuurwetenschappen van de Katholieke 
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